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SOME HUMAN FACTORS ISSUES IN THE DEVELOPMENT AND EVALUATION
OF COCKPIT ALERTING AND WARNING SYSTFMS

Robert J. Randle, Jr.
Ames Research Center

William E. Larsen
Federal Aviation Administration
Ames Research Center

and

Douglas H. Williams*
Ames Research Center

SUMMARY

The purpose of this report is to provide system development personnel with a set of general
guidelines for evaluating a newly developed cockpit alerting and warning system in terms of human
factors issues. Although the discussion centers around a general methodology, it has been made
specific to the issues involved in alerting systems. The approach has been to look to the future in
preparation for next generation commercial aircraft and the application of a moic mature technol-
ogy of automation. An overall statement of the current operational problem is presented, with an
attempt to describe the more salient human factors problems with reference to existing alerting and
warning systems. Next, the methodology for proceeding through system development to system test
is discussed, with special emphasis on the differences between traditional human factors laboratory
evaluations and those required for evaluation of compiex man-machine systems under development.
The last section deals more explicitly with performance evaluation in the alerting and warning
subsystem using a hypothetical sample system. A further implicit purpose of this report is to
engender an industry consensus as to a logical, efficient, and economical way to proceed to a new
generation solution of the alerting system problem.

INTRODUCTION

NASA and the FAA have undertaken, at Ames Research Center, a review of the human factors
associated with cockpit alerting and warning systems (CAWS). The purpose was to study — and
where possible te outline — a method for assessing these systems in terms of human performance,
acceptance, and general operability.

GENERAL BACKGROUND

There is a growing awareness that the principal cause of commercial aircraft accidents is human
error. However, because the error is often embedded in a series of events, all of which contribute in
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aovery complex wity to a given mishap, it is usually ditficult to identify a specific probable cause.
Nevertheless, it is uswally compellingly obvious that some kind of human crror oceurred and it is
equally obvious that aireraft systems are seldom culpable.

Although it is difficult to identity, and almost impossiple 1o classity, specitic instances of
human error in accident causation, the deseriptions of the sources of human error for example,
high workload, tatigue, division of attention, cognitive and judgmental load. and crew coordina-
tion  are unanimous. One author (ret. 1) states:

Complaints about our hick of undenstanding of the “why™ of human error are
actually expressions of frustration about the inability to counteract every human
shorteoming with technology. Although accident rates in all forms of fIving made a
nosedive during the fast 25 years, one elusive factor has remained relatively stable:
the percentage of accidents attributed to the pilot,

There is little dJoubt that any turther signiticant advances in commercial aviation safety will be
brought about by simplitving the considerable resources-managetient task of the flight erew. And
this must be accomplished witheut reducing erew vigilance or resourcetulness, and without limiting
the opportunities to exereise those aspects of the human subsvstemy which are superior to
technologicat systems, such as adaptability, response to unprogrammed contingencies, flexibility,
task performance. memory and discrete and analog intelligence.

One solution to some of the hum n weaknesses in monitoring complex systems was the
provision of a sensory indication to the pooy cchienever an out-ot-tolerance condition occurred or
was imminent, Cockpit alerting and warning systems were instatled as @ Ureasonable™ means of
assistina the airerew to maintain safe, reliable, cconomical system operation in the face of high
workloads, However, these svstems, intended to reduce hazard, are themselves becoming hazatds.
They introduce new problens related to an almost uncontrolted proliferation of CAWS on the
newer more complex wide-body aireraft. In going from the B-707 (o the B-747. the number of
warning and caution alerts inereased from 188 1o 485 or 14290 The inercase trom DC-8 to DC-1O
vas from 172 1o 418 or 1437 (ref. 2, p. 48).

These problems associated with the various CAWS are summarized as follows:

Lo The proliteration of CAWS has caused airerews to tregquently view the systems as o nuisance
rather than a help.

2. More alerts require more memorization of-meanings, higher workloads, and greater proba-
bility of ¢rror.

A, The eredibility o alarms deereases ax the number of false alarms, due to equipment tailure
ad incorreet setting of sensor threshobds, increases.

4. Due to response eadinetion™ some frequently heard alerts actually go unheard or
unhieeded.

S0 Aunal alerts may function in competition with each other and their design may be tacitly
goveried by that consideration rather than by that of simply attracting attention.




o. Because cockpit alerting and warning systems have not been treated as teue subsystems
which have a common purpose. cohesiveness, and functional interrelationship. their proliferatioa
has not been controlled.

7. An alerting signal - aural, visual, or tactile — increases the workload even it the alert is
talse,

8. Warning and alerting devices are sometimes used as shorteut solutions tor problems that
should be alleviated by better overall system design, tor example, automation, operational pro-
vedures, ete,

9. The alerting value of any signal decreases dramatically as workload and attentional demands
inerease,

10. The absence of systems integration in the cockpit as a whole teads to retard the treatment
off CAWS as a true subsvstem thereof,

Some examples of problems associated with cockpit alerting and warning systems are para-
phrased here to iltustrate some of the problems of humian response to them:

Case A (ref )0 As a DCO passed through rotational speed  the point just prior to
lifting off the runway — a talse stall warning occurred. The stick shaker activated
and the aural warning sounded. The pilot, reacting to these warnings, attempted to
stop the takeoft but the jetliner overran the runway, struck several approach light
stantchions, caught fire and burned. The pilot was convinced by the steady and v
persistent nature of the warning that it was valid and that the airerat’t would not 1y, o ‘

Any one of the numerous possible maltunctions could have activated the stall
warning at rotation, the NTSB examining board said, but an examination of the stall
warning svstem components produced no evidence of maltunction.

With a stall warning, there is little time to accomplish a validity check. And. particularly on
takeoft, reaction must be immediate. The ettects of this accident on the credibility of subsequent
similar alarms is ditficult to assess but will probably be signiticant.

Case B (ret. 42 A captain told of making an appropriate decision but of being pliaced 1
in o situation in which only tfortunate circumstances prevented a possible catas-
trophe. The aireraft tlaps stuck in position § on approach and would extend no
farther. The captain clected to transition tea 27 glide slope in order to be ready tor
taster spoolup should a go-around be necessary. While aftecting the approach
descent angle change, the sink rate inercased to 1500 {t/min and glide slope was
departed. The ground proximity warmning system (GPWS) was triggered and, sinee ]
there is no punch-out capability and the audio tevel of the voice annunciation is

extremely figh: .. all cockpit and tower communications were blocked at this

time, Speed catlouts, sink rate calloats, height above the runway callouts were not :
possible, This, ineffect, denied a coordinated erew tunction.” Under these condi- :
tions a go-around, which was possible given the reported environmental conditions, ‘
seemed to be hazardous and a very unattractive alternative. This probably would not
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have been the case had the crew had the capability temporarily to deactivate the
offending audio.

The GPWS has some special problems related to synthetic voice annuaciation. The captain who
related Case B also had some commetits regarding the lack of identification of the reason for the
*pullup” annunciation for four of the five GPWS modes.

Case C (ref. 5/: This example is referenced as a pilot incident report but it describes
a4 general response to a particular warning system -~ the altitude capture and
deviation alert. After describing the many alerting audios attributable to this system
during a single flight. the author states. “this incident illustrates poor system design
in which a ‘wamning sound' is heard repeatedly during normal operation. The
*warning’ sound becomes a normal sound and its warning vatue is negated. In order
to be effective. a warning sound should only be heard when there is a discrepancy.
In operations each pilot hears this *warming’ sound approximately 360 times per
month. Now, if once every 6 months a pilot makes an altitude error, he is faced with
hearing a *warning’ sound to which he has bezn conditioned 2000 times in normal
operation to ignore. This is an FAA requirement and should be changed. The light
should be retained as at present, but the sound should only be heard during an
abnormal operation such as an ‘altitude error’.™

The altitude alerting system, due to the operational difficulties associated with it. was recently
the subject of an FAA rule change (September 21, 1977). Part 91.51 “Altitude alerting system or
device; turbojet powered civil airplanes,” now offers the option of having the aural alert not
operating in the aititude caprire mode: but it still must be active tor deviations above and below the
captured altitude. For a full discussion of this issuc soe reference 6.

The Case C report is illustrative of the response to very high false alarmi rates. It is necessary to
differentiate between false alarms occasioned by an actual sensor-alerting system malfunction and
those due to noncritical or “routine™ deviations or those due to sensor thresholds that are set too
low. Though due to different sources the net result is decreased credibility and increased annoy-
ances. These interfere with confident flight deck resource management by increasing perceived
(perhaps actual) system indeterminacy. Indeterminacy in a system is roughly cquivalent to uncer-
tainty in an information processing sense. It refers to lack of clarity as to the number and kind of
system inputs, the number and kind ot options in an output set, and their interrelationship in a
decision situation (refs. 7 and 8). Note that a determinate system may appear indeterminate to 2
novice or to one who has been improperly or inadequately trained on the operation of the systems.

FORMAL DEFINITION OF THE PROBLEM

In order to provide a conceptual model for use in thinking through problems associated with 4
CAWS, it is necessary to identify basic tunctions that do not change as a function of individual
warning systems. A successful technological approach to the solution ot CAWS-related problems
requires a formal model that is consistent and unchanging. The development of sucli & model is
attempted  here through a system orientation and by an adherence to functional categorics
identificd as basic to all CAWS,
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These tunctional categories provide a framework through which the several human factors
arvas aay beidentitied and discussed, The approach begins to suggest the broader categories of
behavior which maty or may not be amenaple to performance measurement. These behavior
categories are identified as the alerting function, the informing function, and crew option and
control.

The purpose of this document is not to design an ideal alerting and warning system but to
stggest what s important to consider in the design and evaluation of such systems. However; in
taking a systems view and in dealing in fundamentals, it is soon seen that optimism is justiticd for
the next generation systems which combine the many secmingly disparate systems into a truly
integrated subsystem, particulacly i€ a4 wicrocomputer is used ax a unifving information progessor.

What also begins to be apparent is that obserrable human behavior vis-a-vis warning systems, is
diserete, of low frequencey. and dubiously quantitiable exeept in limited circumstanees, for example,
part-task studies of the alerting power of an aural alert. The human factoms problems are seen,
rather, asa particular subset of the more general problems ot flight management, which is, in turn, a
subset of the flight crew’s overall resources-management task. Factors that influence that pertor-
mance are: crew workload: erew physical and mental state: erew coordination: flight phase: aircratt
type: orew training and backgrounds: emergeney and abnormal procedures: company policy:
navigation and Air Trattic Conteol (AT and weather.

The problems associated with the measurement of human performance with respect to CAWS
are similar to probdlems associated with other flight deck activities with special emphasis on
attention, division of attention, vigilanee, and monitoring, A single statement of the human tactors

problems in crew response to CAWS is not possible: however, signiticant clements of the problems
will be identiticd.

OBJFCTIVES OF THIS DOCUMENT

Goals
The objectives of this document are defined as follows:
1. To provide a general statement that s representative of and in harmony with the desires of
concerned imdividuals in the industrial, users and government technological community in their
pursuit of a significantly improved cockpit alerting and wirning subsystem:

Y, To provide a cohesive and usetul deseription of the burgeoning CAWS problems:

3, To suggest a point of view from which CAWS may be regarded as sn aireratt subsystem
rather than as a collection of independent entitics:

4. To deseribe the detailed tisk elements as a tunction of operational task requirements;

2, To deseribe human factors problems and o discuss the eatent to which these can be
cexamined independently of all other flight deek activities; and




0. To discuss human performance assessment methods and the extent to which they are
relevant in terms of operational criteria such as system output.

Guidelines

The tollowing guidelines define the internal constraints on the purpose. scope. _detail._and,
especially. the approach of this document:

1. A time frame is assumed that has constraints comparable to those existing in the develop-
ment ot a real system: for example, contractual. monetary, and end-item delivery.

2. An attempt is made to retain a system-orientation throughout: crew members are thus
treated as human subsystems in a system.

3. Human factors cvaluation — performance assessmment — reters to the relevance and effi-
ciency of the output of the human subsystem with regard to system purposes and goals.

4. The ground rules, strategies, procedures, and issues in behavioral, part-task laboratory
studics are obtainable elsewhere. As topics in this report they qualify only to the extent that they
contribute to and support the overall goal — human subsystem performance evaluation.

5. The context of system development and end-item delivery is not an appropriate context for
the development of human factors research technology. explicit human performance hypothesis
testing. or the pursuit of infinitely branching rescarch questions regarding fundamental human
capat: ities.

6. The authors of this report are unaware of techniques for assessing complex performance
unless such techniques are available to the community at large.

7. Experimental investigations in full-task situations contain all the probiems involved in
part-task. laboratory situaticns: the converse is not true. To be inclusive, this report is concerned
with the former.

8. The b.man factors coffort refers to assisting in determining design requirements and
identifying - dteria. Rescarch requirements will proceed from the subsystem mission objectives
and constra nts, functional analysis, and activity analysis for candidate integrated systems. Rescarch
that may be rouired is motivated by specific questions arising in the system engineering design
Process.

9. A general human factors approach is outlined, illustrated by its application to a specific
subsystem — the cockpit alerting and warning subsystem.

10. The evaluation strategy discussed is with reference to o CAWS that has been designed with
knowledge of the larger system context and of explicit operationa! requirements. This m-.ans that

system optimization rather than system improvement is the guiding philosophy.

11. Only the more salient points in a wide body of related literature are included in this
report.

0
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HUMAN FACTORS ISSUES IN COCKPIT ALERTING AND WARNING SYSTEMS

CATEGORIES OF WARNING SYSTEMS

There are several ways that the many Kinds ot alerting, warning, caution, and advisory displays
might be categorized. To some extent the method chosen depends on the purposes to which the
categorization scheme is to be put. Siace the purpose here is to clarify a seemingly disparate
collection of independent entities, a starting point is selected based on the Kinds of deviations that
make the alerting signals necessary. Three zeneral operational sources of aircraft deviations are:
(D) performance deviations: (2) configuration deviations; and (3) system deviations. Witiiin cach of
these classitications it is possible to further categorize the deviations in terms ot the urgency with
which the deviation must be corrected.

Each of these categories will be discussed below. In cach case examples will be cited using the
three major- wide-body aireraft: the Boeing 747, the Lockheed L-1011, and the McDonnell-Douglas
DC-10. A word of caution is in order. 1t is understood that many variations in the specific
ecmbodiment of even “standardized” alerting and warning systems may be found due to aircraft
evolution, user practices and provedures, and changing regulatory requirements. The sources of the
examples discussed below are reterences 9 -1 Although the validity of the examples is limited to
the scope of the referenced documents it is still sutficient for illustrative purposes. The B-747
operating manual is that of Pan American Airways. The other two manuals were obtained trom the
airframe manutacturer and retlect operating procediires used by several airlines.

Performance Deviations

Performance deviations refer to aireraft departures from safe flight protiles. They have a high
level of urgeney and frequently require immediate action to correct 4 potentially hazardous
condition. They are usually  gnaled by an audio alert and. in conjunction with configuration
deviations (discussed below), are of prime importance in the increasing probiems assoviated with
cockpit alerting and warning systems generally.

Examples of this class of CAWS are: ground proximity warning system (GPWS), altitude alert.,
and excessive Mach airspeed alerts. When the aircraft enters one of the five GPWS warning
envelopes (excessive sink rate, terrain closure, descent during takeott, not in landing configuration
below 50011 above ground level, low on glide stope) a “Whoop. whoop. pullup!™ message is
activated and a warning light is tlashed for the first four conditions. The “whoop™ is a swept tone,
the “pullup' is a synthetic voice. For the titth mode, the synthetic voice iterates “glide slope.”™ The
GPWS s standard on air transport aircraft.

The following altitude-alert modes are in conformance with FAR 9131, dated August 31,
1971, This regulation was rewritten to climinate the aural warning on approaching altitude. Tt was
incorporated on September 21, 1977,

1o B-747: b the capture mode, a0 2<ee chord tone and a steady amber fight are activated
00 £t trom the selected altitude. The amber light extinguishes at 300 1t frowe the selected




altitude. In the deviation mode a 2-sec aural sounds and the amber light flashes when £300 ft is
exceeded. It continues flashing until 2900 ft is exceeded at which time the system autcmatically
rescts.

2. L-1011: The L-1011 is similar to the B-747 using a C~hord tone and amber light for the
functions described.

3. DC-10: The DC-10 uses a 2-sec dual air horn and an amber light for these functions.

The setting of the two bands bracketing the sclected altitude is a function of the airline choict so
will vary from carrier to carrier.

The overspeed alert warnings are.as follows:
1. B-747: The 747 uses a “‘clacker” for overspeed warning.
2. L-1011: The L-1011 uses a clacker sound.

3. DC-10: The DC-10 uses a “clucking sound” for the alerting function. This sound is also
used as the slats extended warning. Some aural warnings have a dual meaning and are assigned to
functions in separated flight phases.

Configuration Deviations

These deviations differ from pertformance deviations in that some positive action on the part of
the crew has been omitted preceding a transition from one flight phase to another. The action
omitted is one that preconfigures the aerodynamic profile of the aircraft for controlled, safe flight
in the intended flight regime. ss with performance deviations. immediate remedial action is usually
required when conriguration alerts activate. Examples include unsafe takeoft and landing configura-
tion and open doors.

Alerts for unsafe landing configuration are as follows-

1. B-747: A steady horn is sounded when the gear is not down and locked and any thrust lev.»
is retarded to idle with tlaps at 1°, 5%, 10°, or 20° or the gear is not down and locked with tlaps at
25° or 30°, thrust levers in any position. In the first case, the horn can be silenced by activating he
warning horn cutout switch on the aft section of the center console. In the second, it can on.y be
silenced by pulling the aural warning circuit breaker. In both cases the horn is silenced by selecting
the correct contiguration.

2, L-1011: A steady horn is sounded if the gear is not locked. the flaps are not extended more
than 30°. airspeed is less than 180 knots and any throttle is retarded more than 57° The horn
cannot be *punched out™ when the tirst two conditions exist.

3. DC-10: A conrinvtous **car” horn sounds when thrust is retarded to idle and the gear is not
down and locked and airspeed is less than 215 knots. The horn may he silenced by the **horn off™

A,
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button it the tlaps are in an approach configuration (<28.5%). If the flaps are extended beyond
28.5° (say. 35° landing configuration) the hom can be silenced only by extending the gear.

Prior to {light, all aircratt doors must be closed tor acrodynamic. environmental, engineering,
and safety reasons. An open door or a faulty door condition is usually indicated by amber lights,
Reference 2 gave the following numbers of unsate door aleit lights for the three wide-body aircraft:
B-747. 16 lights: L-1011, 12 steady and one flashing amber light: DC-10, 20 lights.

System Deviations

Aircraft systems and subsystems are numerous, complex, and frequently redundant. Malfunc-
tions and faults in these many systems are usually signaled by needle positions. instrument safe
operating bands. flags. and lights. It should be noted that the deviation of an instrument from a
nominal value or band is of itself a form of alarm but one¢ that is not explicit as is the case with flags
and lights, As with other alerting signals there has been a sivady proliferation of system deviation
warnings. The increase seems to be in response to and parallel with the concurrent growth in the
demands made on the crew by dividing their attention among the many functions involved in the
complex flight-management task.

Reference 2 shows that the B-747 has 37 bands. 65 flags, and 655 lights: the L-1011 has 7,
152, and 639: the DC-10 has 110, 53, ::nd 463. respectively. Most of these do not have a high
urgency level and frequently require only that an alternate subsystem be selected. However, if
engine fire may be included in this category of deviations it is a notable exception, one in which the
urgency level is high and one that requires immediate action. Because ot the seriousness of on-board
tires. the tire warning (engine. wheel-welly is always accompanied by an aural alert. A stercotyped
sound. a bell, is used whose specitic characteristics may vary somewhat (e.g.. intermittent vs steady
ringing).

Finally, deviations can be indivated by controls and displays nos being activated: for example.
gear, tlap. throttle. speedbrake. out of position, and normal operation lights being extinguished
(blue, green. white lights usually). And. to compiete the set of deviation indicators, ail cockpit
displays provide deviation signals. Reference 2 provides a tull listing of the many CAWS in curreat
aircraft and is an excellent source of data that bave been categorized in several ways. The three
categories chosen above iire for convenience only.

SINGLE ALERT LOGIC

For th purpose of human tactors analysis. CAWS can be further compartmentalized as single
alerting systems versus alerting systems in the aggregate. A discussion of the single alert directs one’s
attention to the operational and functional requirements that underlie the instrumented system. A
schematic diagram of the simplified alert response logic is shown in figure |,

The primary purpose of an alerting and warning system is to direct the attention ot the crew to
an impending or current system or subsystem deviation, This Kind of signal is necessary for two

main reasons: (1) it is not always possible to tully monitor aireraft system status due to the many
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tiacets of ight manapement demanding attention, decisions, ind cognitive activitiess and (2) many
subsvstem faults are not readily apparent by referenee to the displiys normatly associated with
them, lmphicit i the alerting function are requivemenss (o gferr, or capture the attention of the
vresvannd 1o aforer the erew as fo e sourese ot the deviation.

What is not soappairent is the possible requirement that the ceew be piven some conrrol ot the
alerting signat eselr other than by correcting the sipnaled deviatton, Such s already the case with
some alerts, For example, the Luding peae warning horn can be “punched out™ under some
conditions d master cantion lights can be reset, sone while an amber, labeled light remains on
until the deviation is corrected (the ciuses of system deviations are not actually coreected: rather,
ansliernate systenn or system configuration is seleeted).

In figuee 1, the significant events related to the onset of o single deviation and alert and the
assoctafed response logie are shown in schematie form, Feents bevond junction (3 in figure U are
hutuan responses related to the alerting Binctioan, The suceess or taiture of the sensor (2) andor
associated civcuitry s of interest here only to tie extent that it may influenee subsequent hunan
perfornanse (for instance, junction (S Onee it is asstmed that the alerting sipnal (the alarm) has
been activated, the input boundary of the CAWS task can be discerned. o order to establish criteria
for human pertormance evaluations it is necessary 1o make explicit the task bouadaries by reterence
to svstem tunction and task demands both by .lh\ll‘l\lmll. as here, and, ultimately, incontext, as
crbedded o tlight-management activitics.

In junction () an alerting signal may 2o unperecived foe a variety ot reasons, not the least of
which s a conditioned response e ignore an alert that is activated  trequently and is only
contditionathy informative @altitude alert), Workload and division ot attention ave strong influences
at all junctioas, I the alert is not pereeived, o missed adert toutcome (AY in fig, D-ensues, Bt s
pereeived, a vatidity check (unction (3 may be o order, I the alert is ot valid there may or mav
not be a response to it (unction (ML I there is @ response, it s a talse response aud outeome (O)
aceurs, Both the nussed aleet (A and the false response (O can lead (o system state contingencices.
I the alert is not valid the talse alert conclusion (B is a correct respanse,

There are several ways in which false alarms may be trigeered. One is simply failure of one or
more clements in the sensing-alerting loop. Another is the triggering of a momentary alert in making
enternmal or interaal contiguration changes. A thied is due to the fack of mission phasc-adaptive
cochpit alerting and o warning systems: tor instanee, sogear warning horn during other than the
approach phase. Another souree of “false™ alerting signaly is that due (o setting the sensitivity
threshold of the seasing system too low, As s well Rnown, the detection probability in a sipnal
detection system determines how Large the ratio of real to tabse signals will be and this can be
predetermined, Some such process is involved i the altitude alecting systew in presetting the band
above aud betow selected altitude within which (e, 250 1D deviations will not be signaled, Where
the band is to be preset depends on the values decmed to be significast in terms of user system
pertormance eriteria, Wider fimits (1300 10 would inerease the number of mrissed alarms; marrower
limits (5 SO0 would inercase the number of Bilse aliarms (note that, in the latter case, taken to the
extreme, the altitude alerting sestem conld beoused as a0 precision altitude trackiag system with
auditory teedback), Phese remarks refer foall deviation sensors that monitor continuous varighles
but not to binary variables; that is, to such variables as temperature, altitude, sink vate, pressure, but
not fo swileh closures, vildves, cquipment go-no-po states, signal loss, ete.
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It the signal is valid, a response occurs or it does not (junction (6), fig. 1). If there is no
response it may have been ignored Gunetion (10)) in which case event (E), missed response, oceurs,
which is the identical outcome to an unperceived alert, event (A). However, it may not have been

ignored but rather postponed to be given attention later @unction (11)). Some alerts signal

continuously as long as the deviation persists — GPWS, stall warning, gear horn, alert lights. Others

are momentiary — for example, altitude alert, Some, thus, have an innate “storage™ function, even if §
it is only a pancl tight remaining on, but have varying degrees of attention-demand both initially and i
subsequently,

It the alert is forgotten (Gunction (12)) beyond a critical delay interval, event (), missed 4
response, occurs and, again, the reason cannot be determined by objective observation. If the ,
postponed response is activated then its timeliness is a consideration. 1t may be deluyed too long )
because of adtivities in the “no immediate response™ loop ((10). (11), (12) or it may be

accomplished too quickly as in too hasty engine shutdown. Even if' the response is not postponed
the timeliness of the response is a4 major consideration. Both the “too soon™ and “too late™
responses can result in overall system state changes.

If the correct wesponse has been selected in a timely manner Gunction (8)) event (F), a true
response occurs and the system continues toward its goal. The system state may be unaltered or
altered. Whether @ crew member responds to an alert by correction of the deviation depends on ;
several things:

1. The physical characteristics ot the signal - its alerting power

2. The urgency level of the deviation v
3. The results of the validity check

4. Phase of {light

5. Workload level

6. Crew option

Figure 1 indicates, simplistically, continuation of the deviation tor an incorrect response, but ]
an incorrect response can also lead to new <& viations and other than nonmal operations. This is also
true ot a correct response. The non-normal vperations shown in the *A/C System™ box is arbitrary. 1
meant only to refer to configurations of varying criticality.

Figure 1 is meant to illustrate single-alert logic. However, the several single alerts in the case of
multiple alerts do not take on a different logic. What happens then is that the rationale of
postponement and the timeliness of the responses become more critical beciause of urgencey levels
and optimum sequencing of deviation correction activities. A newly conceived CAWS might allocate
those functions to the machine.

It should be recognized that the single-alert logic has been stripped to its bare essentials in
terms of human response. The development and evaluiaon off CAWS demands a detailed task
analysis describing the actions and interactions of the crew over time in response to various and
combined alerting signals in concert with an-going flight deck activities.




Alerting the Crew

The prime functions of current alerting signals are to capture the attention of the crew and to
direct that attention tc a source of deviation so that appropriate action can be taken. To add to an
alerting signal coded information pertaining to the nature of the deviation is s design economy that
can be effective if there are only a few alerting systems. However, there are so many, unstandard-
ized alerts in modern cockpits that the several meanings of coded aurals cannoet be retained with
confidence, particularly by transitioning pilots or under conditions ot high workload or stress when
perceptual narrowing can occur. Perceptual narrowing is associated with human performance under
high stress. Related phenomena under such conditions are attention fixation, reversion to well-
learned automatized responses, and reduced ability to accept new inputs. Perceptual narrowing may
be manifested in a sensory narrowing such as tunnel vision — a decreasing sensitivity to peripheral
visual stimuli and events. 1n the extreme, stress may produce a “white-knuckle freeze.”™

A great deal of attention has been given to determining how well an alerting signal can attract
the attention of an observer. The kind of evaluation employed. however, has been of single alerts in
experimental settings where other tlight activities and busyness were usually only analogically or
inferentially represented. It is an assumption of this report that attempts to make current,
single-alerting systems better is not profitable. This is partly because to do so tosters a competition
between alerting systems with the most recent being the most attention-getting: morcover, the
emphasis may be tacitly placed on competition between alerting systems themselves rather than
between an alert and ongoing flight-management activities. The capture of the crew's attention
seems much more a matter of vying for a limited attention capacity and how well the alert does this
varies not so much as a function of alert stimulus parameters but as a function of the constantly
shifting human threshold of attention and arousal to the reception of new inputs, that is. new load.
Pilots state that some aural alerts are not seard even though the sound levels (stimulus intensity) arc
usually set above 90 dB (90 dB is about equal to the sound of a subway train at a distance of 20 ft
for the 75 to 1200 Hz frequency band (see ret. 12)). Reference 13 discusses the current alerting and
warning system problem and, at one point, states: -

It is clear that our present-day warning systems are inadequate and unsatistactory.
They may be further sophisticated by the addition of colors, horns, bells, and
buzzers, but in their present form they will never really become fully compatible
with the human being in the cockpit. The time has come tor a caretul reevaluation
of our design philosophy.

There is a relatively large literature reporting the results of human performance in response to
warning signals where the independent variables were stimulus dimensions. For vision, stimulus
parameters are size, brightness, contrast, location, format, color, workload. vigilance. coding, and
subject age. For auditory sigmals they are frequency (bandwidth), intensity, location, background
noise, signal number and rate, and vigilance. Tactile signals may be of interest also but they would
seem to have limited application except for the universally used stick shaker stall warning,

Part-task simulation such as these laboratory evaluations of single alerting systems where the
system context (flight deck) is represented by simplistic analogs are not the major concern of this
report. Techniques for conducting these studies are well known and available to the human factors
practitioner. Their use in system development is most beneficial it the configuration of the
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developing system can be more faithfully represented and the task more clearly particularized (for a
tull diseussion ot this point and related methodological considerations see ref, [4).

Specitic problems related to the human response to the CAWS alerting function are the
following:

Nudsance-  Alerting signals are increasing in number as systems increase in complexity. These
are not all aural signais but the annoyance expressed by aircrew members is usually in response to
the intensity, inadvertent activation, trequency of activation, filse alarm rate. and intrusivencss of
the aurals (17 in the B-747, 15 in the L1011 15 in the DC-10). The consequences of this kind of
response may be nil in terms of criteria for the successtul completion of flight phases and ultimate
svstem output. However, reduction and simplitication of CAWS for reasons more relevant to system
performancee eriteria would produce benefits even in this arca.

Arrention and vigilanee— The alerting signal is supposed to be an attention-getting device.

Under quiet cockpit conditions a single aural will probably accomplish that and the crew would not-

be hard-pressed to attend to it. With flags and lights the state of vigilance of the crew would be an
important factor due to the need to visually scan the panels or to be actively engaged in using a
display upon which a flag appearcd or next to which a light came on. Thus. the state of arousal or
vigilance level of the crew is important for signal detection where tlight deck activity requirements
approach quiescence. System and tlight profile monitoring can become overly relaxed and subtle
deviations missed. especially non-aural signal:. On the other hand, the intrusion ot a loud aural alert
during, sav, the perforinance of a precision (ask requiring concentrated attention can have a
“startle™ etfect: its effect on task performunce is not known but could be considerable.,

At the other end of the task activity scale (high workload) arousal may be high, but human
channel capacity becomes a signiticant tactor, It is not necessary to posit the human as a single
channel processor of intormation to give this fact credibility, Many behavioral studies have shown
the decrement in performance related to task demand. particularly in the reception and processing
of information (see ret. T4, The tindings are that humans are limited in input load processing. The
view taken here is that of Chiles (ref. 15): **, . the human operator is intluenced by too great a
varicty of factors to try to permanently settle the single channe! hypothesis at this time.”

At this end of the scale, high warkload, the alerting signal competes tor the attention of the
erew. A signal not attended to can mean that a decision has been made to postpone it or
temporarnily ignore it for reasons of priority of other ongoing activities. It could also mean that it
was missed - that is, not pereeived. The evaluation of human pertormance in terms of whether or
how quickly the alerting signal was responded to cannot have relevance unless the conditions under
which the signal occurred are taken into account. Criterion performance in responding to . engine
fire warning bell would include a period of assesstuent of varving duration dependent on the
aircratt, tlight 2 phase. and, peghaps, immediately antecedent events, Also, a decision (covert) to
postpone action on an alert cannot be observed and a missed alarm (bad performancee) looks exactly
like a postponed atarm (goad pertormance)

The binary nature of the eftect of workload on human performanee is reflected in the

often-reterred 1o, hy pothetival refationship between workload levet and performance. The relation-
ship is illustrated by an idealized, invertod Usshaped curve.asin tigure 2. The important functional
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Figure 2. - ldeatized hypothesized relationship between
workload level and performance,

relationship shown is the reduced performance tor both low and high workloads, even though the
internal behavioral content is quite different under the two conditions.

Whatever the response outcome, the response to the alerting signal is like many other flight
deck tasks: it is discrete and it'is of low recurrence rate. Unlike other flight deck tasks. it has an
unpredictable probability of occurrence. In any full-mission simulation — flight simulator or actual
aircraft — the programmed occurrence of this independent variable for reasons of experimental
strategy has an innate weakness. The alerting signals rise to the attentional foreground and become
the focus of primary interest with high repetition rates, uncharacteristic of contingency events. This
nuy defeat the purpose of the evaluation. This is also a weakness of laboratory studies of alerting
signals in which the full-task context is not represented except by amalogy. The alerting signals
oceur by design rather than exigeney and are unrelated to crucial lite circumstances. Their results,
then, may be more germane to the revelation of performance under Jow states of vigitance and
arousal. The soporific behavior of many laboratory experimental subjects is all too frequently
observed,

Response conditioning— In December of 1972, an Eastern Airdines L-1011 tlew into the
ground 18 miles northwest of Miami International Airport. The National Transportation Safety
Board report of the accident (ret. 16) contains, in a list of 17 Board findings, the statement that:
“The tlight crew did not hear the aural altitude alert which sounded as the aircratt descended
through 1,750 feet mas.lL™

It is not known, of course. whether the crew did not hear it, ignored it, or postponed action on
it. A real possibility, however, is that the psychological phenomenon of “response extinetion’ may

have been responsible tor the “missed alert.”™ A praphic description of the role of extinction stated
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in operational terms is provided by the communique to the NASA Aviation Safety Reporting
System quoted it Cese C in the introduction above, The altitude alerting system is a prime example
oft over-alerting and the production of alarms that, while not strictly false. have only occasional
vilue, Tt is o commonly observed tact in learning and in behavior modification theory that
unreintoreed behavior will extinguish. Responding to the altitude alert frequently does not have a
reinforcing value because its utility to the maintenance ot a desired altitude is absent.

Although the crew has been trained to respond to the altitude alert, operational experience
provides for a deconditioning or extinguishing of this response. This process is retarded only by the
crew’s knowledge that what they are being warned of may be catastrophic it allowed to proceed. It
is also compiicated by the ever-present doubt about the truth (a critical altitude deviation has
occurred or a critical altitude deviation has not oceurred) of the alert.

Credibility is thus severely compromised under these circumstances. There may be several
consequencees of this,

1. The extinction process is refated te innate human neural and cognitive processes and cannot
always be successtully mediated by rational processes.

2. The tendency to extinction and lessened credibility may generalize to other alerting
systems and alerting phitosophy. particularly where deviation sensor thresholds are so low as to
) 2 ) :
toster high talse alarm rates.

Informing the Crew

A sceond function of the alerting system is to indicate to the crew the source of the deviation
and, 10 some extent, the urgeney of the fequired corrective response. This triple coding (alerting,
informing, assessing) has both advantages and disadvantages. The advantages are compactness,
cconomy., and some possible standardization. The disadvantage is that with an increasing number ot
systems the requirement to remember several ditferent codes results in an increase in workload and
a further source of uncertainty, particularly for crew members in cockpits with which they are not
completely familiar, A quote from the experienced test pilotengineer quoted above (ret, 13)
underscores this disadvantage:

In fact, we almost expect a pilot to demonstrate “pertect piteh™ hearing during his
medical. Even it this were the case, it is 2 very poor way out to rely on this memory
to identify a failure. especially when the flight is in a eritical phase. In addition. an
especially loud, penetrating noise may ciause overreaction mid most cortainly will
intertere with normal mental processes. Also, there is a potential risk of contusion
caused by past experience on previous aireraft.

The most ubiguitous form of coding is that of position. Amber or red warning lights van
usually be found positioned somewhere close to or within the cluster of displays and controls for
the many aircraft subsystems. Flags, of course, are integral with the instrument tor which they serve
as an alert that the instrument itselt or a supporting subsystem has malfunctioned. Many instru-
ments also have small amber or red lights that activate when an operating range is exceeded or not :
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attained. Their meaning is clear with regard to the result of a malfunction but not always to its
souree (the specific subsystem).

Labels on these warning lights also describe the problem: tor instance. “HYD.SYS. PRESS.1.”
“LOW QTY." “OVERHEAT.” and “RESERVE VALVE.” The urgency level is indicated by
universally accepted color codes: red tor the most critical warnings, yellow or amber tor caution,
green for eritical tunctions whose status is correct, and blue and white for advisory and status
information (see FAR 25.1322).

A very natural coding scheme s that represented by the stick shaker stall warning employed on
all jet air carriers in compliance with FAR 25,207, The stick shaker, a tactile stimulus, is the only
alerting system that not only alerts the pilot to an impending hazard — the stall — but does soin a
way that simulates the actual reaction of an aircraft as it approaches the stall condition. All aspects
of a complete alerting and warning system_(as herein conceptualized) are included: the pilot is
alerted., he is informed of the problem. and the way to alleviate the problem is even suggested in a
single nonverbal stimulus, Some systems go further and activate a “stick pusher™ after a period of
nonresponsiveness by the pilot (e.g., Trident 1 aireratt).

One aspect of the coding of intformation is the evolution of certain stereotyped aurals such as
the gear warning “horn.” the fire “bell.” and some alerts that are achieving a level of standardiza-
tion through conumen usage. such as the overspeed clacker, the intermictent horn for unsate takeoft
configuration, and the altitude alerting “tone.” These are similar on the three wide-body aircraft
used above as illustration. Where stercotypy has occurred. 4 strong connection has been made
betweent the aural signal and the deviation source so that interpretation is immediate. The
dichotomy between these stercotyped aural alerts and recent or future added aurals is particularly
signiticant when some future integrated system is contemplated.

The use of synthetie voice annunciation for the informing function has alrcady become a
reality with the inclusion of the GPWS into the alerting and warning system aggregate. Voice
annunciation has brought with it certain special problems in human factors, Also. some varly
operational  shorteomings  were recognized  and  resolved by modifications to the  technical
specitications.

The GPWS was required in all air carriers by December 1, 1975 in accordance with FAR
121,300, However, a petition wits made to provide relief until September 1, 1976, due to the targe
number of nuisance (false) alerts being generated in operational use. Appropriate moditications
were made to CEnvelopes of Conditions™ for warning in Radio Technical Commission tor Acronati-
tics (RTCA) document DO-161 and a new document issued. DO-161A, May 27, 1970 (see et 17),
These documents are ceferenced in FAR 37201, Technical Standard Order - ¢C92b as providing
minimum  performance, environmental, and test procedures requirements for ground proximity
warning  giide-slope deviation alerting equipment,

The functional requirements tor the GPWS specify the following modes for alert activation:
1. Excessive descent rates

2 Excessive terriain closure rate
3. Exgcessive sink atter takeott (up to 700 £1)

i
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4, Terrain closure (not in landing contiguration)
A Fxeessive downward deviation trom glide stope

Both an aural and visual signal are required. For modes (D through (4), the aural warning is to
be swept tone (400 Hz to 800 HA repeated once - “whoop. whoop™ — tollowed by the
synthetically annunciated word “pullup.’™ This is iterated until the deviation is corrected. A
stmultadeous visual warning, a red Lght clearly labeled GPWS. is to Le activated. For mode (3). the
aural annanciation is to be “glide slope.™ As terrain clearance decreases and/or as the glidesslope
deviation increases, the repetition rate and the toudness ot the aural, or both, are to be increased.

The requitements for crew deactivation of the GPWS aurals make it clear that it is not desired
to facilitate this procedure. Modes (1) through (5) may be deactivated by a cireuit breaker or by a
guarded satety-wired switch. Independent deactivation of mode (5) is to be possible with a crew
control separate trom the above switch. This latter has been implemented in the B-747, hy pressing
the red pullup light on vach pilot’s panel. Automatic reactivation is required for a subsequent
approach. This automatically resets in the B-747 GPWS when the airplane is again tlown above
1000 1t above ground level (AGL).

There appears to be little question concerning the advisability of the GPWS for the prevention
of controlled-flight-into-terrain (CFITY accidents. In tact. one vendor has shown data indicating a
decrease in CRIT accidents tor carrier. Part 121/123, operation for the period tollowing the
nundatory GPWS requirement in the United States (ret, 18).

However, the GPWS is a (Imst instance of the use of syathetic voice annunciation for both
alerting and informing the crew about deviations, in this case performance deviations from safe
light profiles, it thus introduces a host of problems in psycholinguistics — for example, semantic
and syntactic structure, signal-to-noise ratios, operational or pragmatic context, and redundancy -
all ot which require serions consideration in the design of voice annunciation systems. I synthetice
voice is used. the message set that can be drawn from becomes virtually infinite and the informing
function in CAWS can be extremely articudate with very high infoumation transter rates.

A tundamental question, or perhaps operational quandary, is whether the message is to be
presented as an impertive or anadvisory, When presented as a command  “pullup™  rather than
as an advisory - Uterrain®™  the tacit assumption is made that there exists a single action solation.
But a high sink rate can result from cither diving or sinking, cach of which requires ditferent
remedial technigques. Four of the five GPWS modes are signaled by a “pullup™ commmand without
identitication as to the source of the problem.

There is a new generation GPWS in which the modes are identificd by more appropriate
annunciations and  which indicate to the orew why the altitude gain has been commandad
(Sundstrand Data Control, Inc., MARK 11 GPWS). The new GPWS., based on operational experience,
has been modified to provide fewer nuisanee warnings, longer warning times, nmore wartings tor
excessive doscent just short of the runway, and a warning for descent below minimum deseent
altitde (MDA) Also. the syathetic voice now cnunciates seven warnings, six ot which reter to the
reason for pulling up, tor instance, “terrain,” “too low gear.” and “sink rate.™ The command to
“pullup™ s wsed only tor deeper penetrations of the warning cuvelopes ol the several GPWS modes.
This second-gencration system is already in operationat use.
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Reference 19 discusses the linguistic variables in synthetic voice annunciation and the problem
of advisory versus command information; it also lists the independent variables and parameters that
must be contrelled in any human factors research in electronic-voice-warning-system design. The
reader is urged to read that report as an adjunct to the material in this section.

Crew Option and Control

A third function related to cockpit alerting and warning systems is that of crew control once a
deviation has occurred. Similarly with the other two functions. the provision of crew control seems
to have been a matter of evolution and inadvertency rather than purposetful design. This is a natural
outcome given the already high workload environment of the flight deck and the desire not to add
to it. However, there are instances in which it may be desirable to have the opportunity to delay the
response to an alert for reasons that may not be determinate beforehand. The case cited above,
where the inability to silence the GPWS could have had disastrous results, is an example. although
the probability of it occurring is admittedly low.

The kind of option referred to here is that of control over the alerting system itself rather than
that of deviation correction; that is, the inner loop in figure 3. This is not to say that the two loops
shown are independent of each other, only that the concern herein is not with deviation correction.
per se.

DEVIATION p=——=1 ALERT ~—P~{INFORM CONTROL}— A/C

1

Figure 3.— Single alert control loops.

One torm of control is to let the crew deliberately postpone action on a deviation until a more
desiruble time, Recognition of the distuptive effect of inappropriate alerts has led to the concept of
the “phase adaptive’™ CAWS in which the various alerts would be armed only for flight phases in
which they had meaning (see ref. 13). For instance, the cabin altitude alert would be inhibited in
approach and landing as would all alerts unimportant for that phasc. Punching out an alerting aural
is a form of postponed action. for example, the gear horn, under certain circumstances.

A major problem with storing an alert for future action is the loss of the imperative of the
original alerting signal. Also. the need to remember is an added load on the crew it no other display
of the deviation is available. Proposals to code the alerts according to an urgency level scheme seem
to have this problem in mind. For instance, a single-alerting aural could be used and the urgency
level could be related to frequency. loudness, or repetition rate. In this way the crew would have
some discretion in reacting to the deviation, and possible disruption of important ongoing tasks
could he avoided,

The subject of crew control of the alerting and warning subsysten may be premature in that
CAW’s are not treated as, nor are they in fact, true subsystems. I alerting systems were regarded as
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subsystems, it might be possible to provide for such system capabilities as coherent and logical
prioritization, control functions, and alarm inhibits, through the use of a microprocessor. Moreover,
this may be achieved through the more general use of a microprocessor for the larger complex of
flight-management tasks,

ALERTING SYSTEMS IN THE AGGREGATE

To this point, the discussion has been mainly concerned with single alerting systems. However,
the major problems emerge with the proliferation of these systems, in varying forms, on the flight
deck. With each deviation identified as being worthy of a special alerting signal, a new flag or new
aural appears in the cockpit. In addition to gear horns and fire bells there are now buzzers, tones,
clackers, wailers, chimes, beepers, klaxons, gongs, crickets, and, in the Concorde, something called a
**cavalry charge” to signal autopilot disconnect. This listing itselt is offensive to the ear and perhaps
conveys more ominous implications than is intended.

However, the collection of waming systems is a set of independent entities whose purposes are
identical but which have no unifying mechanism. That it may be desirable to provide some unity
and to conceive of the waming ystem array as an integral whole is becoming apparent within the
industry, Approaches to the problem are evolving that point to this eventuality.

CAWS as a Subsystem

Despite the many problems associated with current cockpit alerting and warning systems, there
is reason for optimism. This optimism is based on the emergence within the industry and user
organizations of unifying and simplifying design approaches and the readiness of the state-of-the-art
to accommodate integration of CAWS. This is in the direction of the attainment of true subsystem
status for what is now merely an aggregate of similar entities. (For an interesting viewpoint on the
tractability of the problem see ref. 20.)

A system, subsystem, or suprasystem has certain characteristics that distinguish it from a
collection of similar but unrelated components. It has a purpose to which all components are
subservient, Elements and components of a system interact with each other and with system output
in support of the purpose of the system. Systems interact with other systems and the interfaces
with other systems are environmental boundaries across which inputs and outputs are processed.
Systems may be modeled and conceptualized as information processing and signal generating
devices. Cockpit alerting and warning systems are, preeminently, information processors; as cur-
rently designed they have, in the aggregate, none of the other characteristics of systems listed above.
The integration of CAWS thus means the transformation of the aggregate into an ensemble — into a
truc subsystem.

Indications in the trade and technical journals, in the general aviation community, and in
hardware design are that in concept. at least, integration (and simplification) is near at hand. There
are, however, many forms that an integrated subsystem could take, so the problem becomes one of
the design and evaluation of candidate ensembles.
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Master Warning Sy stems: Groupings

The three wide-body aireraft cited in this report - the B-747, DC-10, and L-1011 — have
cockpit displays calied master warning or master warning/caution annunciator panels. They give
so-called “gross™ indications ot system deviations which are signaled in more detail in locations not
within the pilots’ immediote field of view: for instance. on the flight engineer’s panel. The flight
engincer may also have a similar summary panei but displaying different subsystems. In addition, an
annunciator panel may be included at the latter station to provide a greuped status indication of the
many doors on these wide-body aircraft. Aura! warnings 2:¢ not used with these summury panels
but the wurning hght may be tlashed to increase its attention-getting value,

Grouping of several c¢ritical subsysteas warning indications in this fashion is a step in the
direction of alleviation of the general proliferation problem. In addition to proximal grouping. there
has been un assessment and inclusion of those subsyster: deviations of higher urgency in terms of
system safe performance. These are steps toward fuller integration for advanced cockpits.

Integration Concepts

The widely recognized problems associated with CAWS proliferation have spawned some
functional design solutions that incorporate some of the principles of integrated subsystem design.
These proposals arisc froin an appreciation of the problem and. more importantly. from
recognition of the plethore of solutions available, given that o CAWS may b¢ completely revamped
and reinstrumented ustag, forexample, visual or voice annunciation, priority coding, mission-phase-
adapted inhibits, and pilot option and control. This alse assumes that a signiticant step forward will
be taken in Night-deck avionics, notably automatic data processing in the manipulation and display
of information,

Reference 2 is a complete survey and analysis of cockpit alerting and warning systems. It
includes not only a compendium of current systems but. in 2 second volume (ref. 21) provides an
extensive compilation and review of relevant human factors studies and guidelines. Also included is
a set of system design guidelines._ Some of the major recommendations are:

1. Prioritization: Alerts would be categorized as a tunction of criticality and flight phase. A
unique audio, visual, or combination audio-visual alerting method would be associated with cach
priority level. The priority system has four levels: (1) emergency — requires immediate crew action:
(2) abnormal (caution) -- requires inuncdiate crew awareness and corrective action: (3) advisory -
requires crew awareness and may require action: and (4) information — indicates system condition
but not necessarily as part of the integrated warning sysiem.

2, Inhibits: The number and type of alerts active during critical phases ot flight would be
limited.

3. Annunciation: An alphanumeric display would be placed in front of rach pilot to identify
warning/caution type alerts. Aural alerts would be kept to a minimum (less than four). Voice
annunciation would be preceded by an “attention getting™ identificr.
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4. Coding: Recommendations are provided for position. color. size. and brightness coding of
visual alerts in terms-of the priority scheme. Recommendations are also provided for the coding of
aural alerts in terms of number. intensity. and signal frequency.

The Society of Automotive Engineers S-7 committee for Flight Deck Handling Qualities
Standards for Transport Category Aircraft has been concerned with the problem of simplification of
CAWS. A set of design objectives is given in their proposed ARD-450D *‘Integrated Flight Deck
Alerting System.” This proposal! is in the form of a functional specification and only its major
features are repeated here,

1. Attenson: A single aural alert is recommended for the three most critical urgency levels.
Their four urgency levels are those given in reference 21, above. The attenson is to be modulated to
correspond to a given urgency level (attenson: an attention-getting sound).

2. Discrete aural alerts: It is recognize{i that some aural alerts are deeply stereotyped and may
be included in the integrated system as “discretes™ in addition to the attenson. It is recommended
they be restricted to the highest urgency levei and be limited to four in number.

3. Annunciation: A centriily located alphanumeric display is recommended for the visual

display of the three highesi urgency level deviations. Color coding may also be used to enhance .

urgency recognition. Voice annunciation is recommended to supplement the attenson and visual
display for the most urgent deviations. Some deviations of lesser urgency may also be selectively
signaled by voice annunciation.

4, Inhibits: Although the integrated system is to have provision for alert inhibits this
requirement is not given in detail except that the urgency level of a given ulert is to be varied as ¢
function of flight phase.

5. Pilot option and control: There are several statements in the SAE specification that indicate
a recognition of the need for piiot interaction with the integrated subsystem:

a. “Warnings. cautions. or advisories shall be automatically cleured from the system when
fault conditions no longer exist.”

b, “Capability to cancel signals for uncorrected faults and to recall such canceled signals
shall be provided.”

¢ “*System test capability shall be provided that will give the crew maximum confidence
with minimum activity and complexity.”

d. “The attenson should be s2!f-canceling for some alerts and manually cancellable for
others.”

¢, “Alphanumeric readouts shall be self-canceling for corrected faults.”

. “Cupability to cancel sigrals (on the alphanumeric display) for uncorrected faults shall
be provided.”




g “Capability to recall manually cancelled readouts shall be provided.™

Since this specitication details functional requirements, specific human engineering require-
ments are not included. The design of visual and aural displays in terms of such factors as size.
brightness. and intensity, are presumably specifiable from data in reference 2 and in other human
engineering guideline documents.

The subject of selective or flight-phase-adapted-inhibits is not fully developed in the above
guidelines. However, reference 13 treats this as a distinet issue and provides a rationale for a Phase
Adaptive Warning System ~ PAWS. This proposal centers on a switching logic module that

determints—from inputs from selected sensors (airspeed. altitude), what warnings to present to the
crew and what to hold for a more propitious time. An example from reference 132

A generator failure at 80 knots at takeott will cause a red light signitying “abort.”
The prinviple is. of course, that below 100 knots you can stop at leisure for every
failure. take your time to evaluate the urgency . and decide on either returning to the
ramp or taking oft again. Bu: the same generator failure above 100 knots will be
“held™ by the switching logic until passing 1500 ft at which point it causes an amber
light.

It was learned in a personal communication with the suthor that PAWS is the subject of a
proposal for installation in an aircraft like the Fokker F-28. The decision is not yet final because an
attempt is being made to cooperate with other airframe manutacturers ¢other than Fokker-VFW
B.V.) in order to arrive at a standardized alerting system for the next generation of aircraft. The
name has been changed to Phase Adapted Alerting System — PAAS.

Reference 22 describes the cockpit alerting and warning system objectives for the production
Concorde aireratt, Several of its features voincide with design guidelines given above, such as alert
prioritization. the use of tunctional grouping in 2 master warning system, visual and aural coding.
and a design specitication tor the CAWS signal to: (1) alert: (2) inform as to the deviation source:
and (3) direct the crew to appropriate corrective (controi) action.

Reterence 23 describes the viewpoints of the Royal Dutch Airlines on CAWS design. In
reviewing that document one is impressed by the recurring themes of functional grouping. prioriti-
zation, flight-phasc-adapted-inhibits, the separation of the alerting tunction from the informing
function through voice and/or alphanumeric display. independent CAWS validity verification, and
»dedicated” aurals tor those already accepted as g stereoty pe (e.g.. seleal and altitude alert).

The above is only a sample of possible integration ideas. Each of the atove, however, is
distinguished by positive viewpoints and related to what an integrated alerting and warning
subsystem ought to be and do. That these suggested solutions are in consonance with a much wider
aviation community is indicated by a reeent report accomplished under NASA funding. Reter-
ence M s an industey survey of CAWS, It clearly reveals the universality of the opimon regarding
the seriousness of the problem, and the need for integration, simplitication, and system-oriented
solutions along functional lines. The report is too extensive to paraphrase here but is recommended
reading for anyone interested in the prevailing opinions related to the material in this section,
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METHODOLOGICAL CONSIDERATIONS IN MAN-MACHINE SYSTEMS EVALUATION

The many difficulties involved in the evaluation of performance in complex task situations are
common to all tlight<deck task elements. The present focus of interest is on CAWS because there is
widespread agreement that it is a distinct problem complex. The CAWS problem may have unique
aspects, but in terms of methods of system development and test, the procedures do not differ.

One example of the way CAWS differs from other subsystems is that the display has (usually)
no clearly related control. To close a loop, correct the deviation, and neutralize the display may
require the completion of many emergency operating procedures. The performance associated with
the CAWS display is not the completion of the procedures, per se. As illustrated in figure 1, the
important performance is related to decision processes and to the initiation of corrective action in a
timely and accurate manner. Timely does not mean “‘right now”; timely only has meaning in terms
of system requirements and, definitely, under specified conditions.

This leads to a discussion of performance criteria. The purpose of this section is to deal with
the criterion problem from the systems engineering point of view. To that end a very brief

discussion ot the system development process will be presented followed by some of the salient

aspects of system test and evaluation procedures.

SYSTEMS ENGINEERING: APPLICABILITY

In the development of a complex man-machine system there is a definite starting point
provided by mission and operational requirements which a custo.ner (e.g., military, industrial,
commerciai airline) has deemed necessary to one or more operations he wants to accomplish. These
operational requirements are the beginning and the end for the design team — and a team is indeed
required. The requirements are functional statements specifying what the system must do and they
reflect requirements related to criteria of success; for example, economy. efficiency, military
deterrence, profit, and safety, of the proposed system. A system cannot be designed unless the
purpose to which it is to be put is known at the outset. Later design effectiveness can only be
appraised in terms of these system requirements, not in terms of general design recommendations.
What is true for the total system is also true for subsystems. The latter will have operational
requirements emanating from the parent system with which they interface and whose purpose they
must support.

All the steps taken in the system engineering design and development paradigm are done in the
interest of objectivity, completeness, design relevuncy and practicability, and, very importantly,
management planning and control. This paradigm is thus a grand scheme for establishing ground
rules and objectives for the design team in its progress toward implementing the stated mission
objectives, Design experience alone does not automatically provide this progress nor ensure its
success.

Given the operational requirements, the next general step is to transform them into functional
requirements to meet the objectives. Functional requirements are conceived as jobs or tasks that are

critical to system objectives: this must be a complete catalog of functional clements. These
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ultimately niust be stated in terms of performance limits and design constraints for use in making
decisions at a later stage. This is also a stage in which performance criteria begin to be enunciated,
both for man and machine and, more importantly their combination and contribution to system
output performance. The function analysis moves, in increasing detail. from macrolevels to micro-
levels of analysis. The larger requirements are figuratively torn apart into clementary functional
particles but without their relatedness to cach other and to the system and mission objectives being
ignored,

With the functions Gobs and tasks) identified, performance standards established, apd design
criteria proposed, the synthesis process begins with the initial allocation of tunctions to either man
or machine. This is the point at which the humin factors practitioner can make a most important
contribution to system design and operability. This is not to say that this is where he first appears:
he should have been involved from the start,

The next step in system synthesis is that of deciding on design solutions. These are selected on
the basis of relevancy and practicality. The first involves performance, the second involves such
factors as cost, weight, size, and availability.

These steps are not accomplished in a serial order but interact with cach other throughoui the

whole design process. There is an ongoing iterative process which is required not so much for
expediency but because the requirements and product are integrally related. This is graphically
ilustrated in figure 4 (fig. 4 and much of this discussion are taken trom ret. 25). Even so, system
development and integration starts with tunctional description’and ends with design,

To be most effective, human tactors personnel should be included on the design team and
involved throughout the design process. I instead they are asked to help solve a specific human
factors issue and then excused, the solution may only confound the issue. This is too trequently the
manner in which systemerelated human tactors problems are dealt with, There are several good
publications on the methads and principles involved in the application of psychology in system
design and development (refs. 8, 14, 26 3. These should be consilted for detailed discussion of
those procedutes.

There are several reasons tor providing the above briet description ¢ the elemental aspects of
system design, First, it s a process with a great deal of intuitive appeal bo_case of a technological
utility in addition to its very obvious fiscal and management utility. Note that the schemes
discussed at the end of the last section relating to CAWS integration are sets of functional
requirements, The system requireiients that spawned them are implicit in the experience and
expertise of their authors, Though not formally delineated, as is recommended in system develop-
ment procedures, many of the operational requirements have become well known to the commune
ity of users, at least-in general.

A second reason tor outlining the system developmient process is to emphasize that the
orientation of this report and subsequent rescarch and technology eftforts refated to CAWS is seenas
fully dependent on that model. This endomsement s in the interest of and is vital to a closer working
relationship between the private sector dnd NASA/FAA human tactors activities, That it is vital
ensues Trom the need tor agreed upon goals, means, and ground rules.

*
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A third consideration is that there are crucial and fundamental differences between the
problem-solving rescarch accomplished in the development of a system and the general hypothesis-
testing laboratory research in human factors. The remainder of this section addresses this topic in
more detail for the purpose of providing sonmwe guidelines for evaluating the relevance of proposed
studies for system test or system development support.

Finally. it should be made clear that the human tactors etfort is integral with but subordinate
to the larger effort in the development of a large technological system. A human factors effort
undortaken expressly to anticipate the configuration of a new subsystem and one that might be

nlished outside of or precedent to an actual development cycele weuld still best be governed
y thic sto | onsiderations.

TESTING FOR DESIGN DECISIONS

The function of human tactors studies accomplished in the course of system development is
solely that of providing a basis for design decisions. They are only justified when appropriate data
do not exist or exist in forms unsuitable for the purpose. There is a vast human factors literature
pertaining to human performance capabilities in man-machine related problems. However, these are
seldom of help: they are trequently too general, too system specific, include too tew independent
(real-world) variables, and too often focus on individual performance variables rather than the
combined man-machine system variables.

In an cxamination of two volumes of the Human Factors Journal, 1965-1967. Van Cott
cstimated that about 257 of the reported research fell into a category called “information or
principles directly applicable to one or a family of systems.”™ Ot these only about one-halt or 1247 of
the total would *. . . see the light of day in terms of actual implemented applications™ (quoted in
retf, 30, pp. 307--308). However, what is not possible to estimate are those human factors
contributions that are made and not formally reported. They do contribute to system development
but are of insufficient generality to warrant g reporting ot results, Sometimes the human factors in
the development of a real'system is masked by high-level security classifications in military or other
sensitive projects - as are the eftorts of other technologists. Or. perhaps even more to the point is
Burrows comment (ret. 33):

Our effective human factors practitioner, who is politically astute erough to arrange
for himself to be carly enough in the progrimme and intluential enough to steer it
well, tends to disappear (except in the eyves of pereeptive management) the better he
is at the job,

The Task Fidelity Continuwm

One of the continuing problems in huan factors rescarch is caused by the Lick ol differentii-
tion between the pure rescarch of the laboratory aw | that accomplished tor purposes of decision-
making in work situations enginecring test and evaluation. The natural dicliotomy of these
aspects of technological investigations is also roughly reflected in the activities and character of
government rescarch laboratories versus human tactors practitioners in the world of system design
and tabrication. The goals of the workers on the two sides of the dichotomy are quite difterent. For
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the laboratory researcher the goal of the investigation is frequently a contribution to a body of
knowledge, To the extent that that is accomplished the results have an application, somewhere,
sometime. The results of the engineering study must contribute innmediarely to system design for a
given set of operational requirements.

The dichotomy is frequently pictured as a continuum with classical scientific investigations at
one extreme and the enginecring studies at the other. Knowles (ref. 34) shows a “continuum of
research, studies™ with **models” at one end and “'demonstrations™ at the other. Obermayer (ref. 35)
shows a “levels of abstraction™ continuum with “math models™ at one extreme and *‘real world™ at
the other. Chapanis and Van Cott (ref. 31) picture a similarly bounded continuum for the “test
fidelity™ dimension,

Similarly, figure § is intended to convey the characteristics associated with levels of complete-
ness of the task structure. Moving the arena of research in the directions indicated will enhance the
presence and visibility ot the associated. listed attributes. At the top are listed units of behavior in
ascending order (from left to right) of inclusiveness, complexity, and operational relevance. A task
taxonomy would be the result of an effort to relate manageable. measurable component behaviors
at the left of the figure to their complex combinations at the right. Measurement opportunities and
techniques become scarce to the right as the researcher includes more and more of the total task
context in the design decisionmaking process. Note that the categories delineated are reasonable but
arbitrary, an inherent feature of classification (“your system is my subsystem™).

The reason for including figure S is to provide a graphic model for assisting in classifying
proposed research in the course of and for the purpose of system development. There seems to be a
considerable fuzziness in the human factors community — not about ltow to proceed but where to
proceed. This is evident at all management levels and is manifested in the individual rescarcher’s
tendency toward activities to the left end of the continuum, wlhen he has a choice. It seems that he
gravitates to that which most affirms the ideals and sources of reward inculcated in him by his
formal classical training. But that is conjecture. What is important is that the usual continuum is
more than just that: the extremes represent wholly different sets of purposes. criteria, methods, and
products. They are both necessary, are of high purpose and value, and, at worst, can only be
charged with inappropriateness. The major ditference is that the goals of the practitioner in the left
part of the arena are conceptualization and understanding: those of the one in the right are
empiricism and control.

Classical vs Engincering Studics

The tundamental differences between classical and engineering studies were explored by Finan
(ref, 30). The differences are stated as design options in formulating and conducting a rescarch
study. They are quoted here in order to preserve the clegance of the original statements.,

An initial option is taken at the stage of sclecting and formulating the research
problem. In theoretical research, the problem is transposed into a more controllable
context, and the variables involved are translated into conceptuatized dimensions. In
contrast, the prime requirement for the results for engineering research to be
relevant to practical goals restricts this Latter type of study to situations and
variables that closely simulate the complex of operational conditions.
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A second option concerns the use of analogies in research, The explanatory model of
theoretical inquiry is essentially a symbolic idealization of observations, while the
forecast formula of engineering psychology can be considered an empirical summary
of results. A related distinction is made between ralidity of theoretical research —
the correspondence between a concept and germane phenomena — and fidelity of
engineering research — the degree of relationship Letween forecaster and criterial
terms required for a specitied practical purpose.

A third option is taken with respect to the differential role of hypothesis. In
theoretical research, hypotheses are explicitly linked to a model, and if experimen-
tally corroborated, make possible attribution of effect to cause. When employed in
engineering psychology, hypotheses may serve to suggest the content of forecaster
and criterial terms, and may. post floc, be used to interpret the observed relationship
between them. The hypothesis-testing and demonstration types of experiment
exemplify this contrast.

A fourth option is taken in dealing with the problem of the variability of observa-
tions. Causal attribution depends. in the ideal, on the possibility ot rigorously
controlling all relevant experimental conditions other than the one manipulated.
Forecasting. however, depends on representing with maximum fidelity whatever
sources of variability may operate within the criterial situation. This is the important
difference between systematic and representative design.

A fifth option is taken in order to define units of analysis. In theoretical research.
units are sclected for the purpose of demonstrating behavioral uniformitics; in
engineering research, the requirement is to define a unit that proves manageable for
producing or forecasting a particular operational system.

A sixth option is taken with reference to the criteria of acceptable inference.
Statistical hypothesis-testing is considered more appropriate to the demonstration of
model relationships, while statistical estimation techniques are deemed more suitable,
for forecasting to a criterion. The appropriateness tor engineering studies of the
conventional 0.05 probability level for acceptance of findings will subsequently be
questioned.,

A seventh option is taken when the conclusions of the resvarch study are extended
to new situations, In theoretical research. generalization proceeds by demoustrating
the extensibility of the model dimensions to the new conditions. Limited engineer-
ing generalizations can be based on inference from populations and guessed inter-
class relationships.

A final option is taken in connection with utilization of rescarch outcomes in
practical situations. Results obtained under the pure conditions of the laboratory
vield ahstract predictions which may have implications that are adaptable to opera-
tional systems. Engineering studies yield forecasts whicli constitute a direct and
immediate basis for action.
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Criteria

Websters Seventh New Collegiate Dictionary defines a criterion as “a standurd on which a
judgment may be made.™ A standard is defined as “something established by authority. custom, or
general consent as a model or example: criterion,”

The criterion is essential to measurement that is done for a purpose. And measurement can
take place without purpose in the absence of clear and relevant criteria. The definition of criteria
turns on the word “standard’™ which in turn is seen to be arbitrary in the sense that consensus is
involved in its definition, At the extreme of ultimate criteria, from which system operational
requirements ensue, a value system will be discernible that is related to such larger system
considerations as political, social, military, humanistic. or economic. However, criteria following
lower in the system hierarchy are generally not arbitrary but are constrained by the need to be
relevant to the judged system goals. Thus, criteria will range from valuelike statements (“an alerting
and warning system should be unobtrusive until really needed™) through relevant functional
statements (“the pilot response to the aural should be timely and accurate without degradation of
ongoing tasks™) to measurable attributes in the criterial chain (“pilot response time to the GPWS
under x conditions should be y seconds: to an hydraulic failure under x conditions. it should be v
seconds™),

Operational criteria are already available by taking note of the generally agreed upon com-
plaints with current CAWS: there are too many: they are disruptive: there are too many false and/or
needless alarms: it is difficult to remember deviations associated with aurals: they are not standard-
ized (even functionaily) within or hetween aircraft: they are not phase adaptive: they are too loud:
they can be missed (lights): there are only gross indications of priority and urgency. Criteria for the
design of a new CAWS subsystem would be the obvious inverse of these. The current CAWS may be
considered to have been exposed to “operational test and evaluation™ and the results — user
judgment — dre being “tabulated™ in the literature and in anecdotes. This appears to be one area of
cockpit design that has been. and is being, given considerable attention by users and has vielded not
only a wealth of criticism but a wealth of design criteria. The unanimity ot opinion as expressed in
emerging functional requirements is unlike other problem arcas in cockpit design (e.g.. display
integration. HUD).

It might be supposed that the crew reports require validation in terms of belarioral criteria,
That may sometimes be so. but it should not stand in the way of identitying and utilizing
psyelological criteria that refer to crew satisfaction with cockpit equipment and procedures. These
latter criteria cannot be ignored in design by a slavish adherence to the principte that man-machine
system (MMS) output (measurable) is all that counts. Dissatistuction with (even approaching
hostility toward) job design. and the tools to do it. when interfacing with desynchronosis, fatigue,
high workload. and keenly felt responsibility can lead to errors in judgment or to actions that
terminate in accidents for which there is usually only a tentatively identified cause.

There is such a paucity of measurable or clearly defined and relevant criteria for the evalvation
of MMS performance generally that the subject requires much broader and incisive treatmen: than
can be given here. In CAWS the probiem is made even more difficult by the lack of regularly
recurting behavior and its predominantly covert nature (see fig. 1, decisionmaking, alert validity
checking, ete)). However, the selection of criteria: or the perception that none exist, for a given
purpose requires a firm grounding in the meaning and function of criteria in MMS development and
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evaluation, The reader is referred to references 20, 27, 31, 34 -40 for advice and is offered the
admonition that criteria must be selected based on relevancy, etticiency., definitiveness, and
measurability, These standards for criteria will hold for any systems, but the actual criteria selected
for use will, in general. be dittferent for each system.

If it is agreed that the outlines of the system development process sketched above describe the
“ball park,” then eriteria selection is the “hall game.” The selection of suitable quantitative and
qualitative criteria is crucial. Unfortunately, in view of the large clement of indeterminacy. it
appears to be largely a creative process without formal guidelines.

KINDS OF TESTS IN SYSTEM DEVELOPMENT

One of the fundamental ditterences between classical and system engineering studies not made
explicit by the eight options given by Finan (rel. 36) above, is the etiology of the problem that
requires evaluation or controlled study. This has to do with where and when to revert to studics to
solve design problems. The system development process cannot be delayed by these activities so
constraints can become severe. The remiarks in this section refer to that context and not to
investigative activities carried out by human factors personnel employed by the system developer in
anticipation of the next system to be processed.

Most human factors rescarch reports are addressed to systems that will be developed later.
Generally. the classical rescarcher “comes out of ™ a body of knowledge (behavioral) to an
application in broud terms (MMS) and wishes to make @ contribution to the technology tor that
knowledge, A problem is defined that places a man, machine, and task in controllable proximity
and a study is accomplished. The goal is to report tindings that will have safficient generality so as
to be broadly applicable. In this sense, “basic™ research can promise more “applicability ™ than
“applied™ rescarch. This is a worthwhile endeavor and is necessary to the growth and sustenance of
the human tactors technological base. It is usually not of much use to the svstem designer, however,
in that it frequently is not in a form he can use (continuous oF extrapolible). His design problem is
similar to yet difterent from the study-task configuration that was severely truncated in the interest.
necessarily. of experimental control. This rescarch is generally characterized as a solution looking
for a problem.

On the other hand, studies accomplished in support of syvstem development are. or should be,
exactly that, Anticipation is, of course, o desired attribute of this support and should be exercised.
In fact, anticipation is already apparent with respect to CAWS, as witness the development off
tunctional requirements alluded to above. Problems whicht arise in the development ot a system
come trom the need tor the resolution of design decisions. Specific solutions are sought to specitic
problems  right away. The problems are not hypothesized but surface as nodes of reality in the
svstem development process.

Recognition of the chronology and souree of human factoms issues requiring attention has ted
to suggested testing paradigms for the practitioner which are tailored to the Larger svstem develop-
ment testing paradigm. One such testing paradigim is that otfered by Shapero and Frichson (ret, 41)
and included in retferences 29 and 42, These authors divided system testing and evaluation into
exploratory, resolution, and veritication.
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Exploratory

This level and class of test would normally occur carly in system design and would be
motivated by problems arising in the course of “roughing”™ in the broad outlines of the hardware in
response to tunctional requirements. Also, these tests nrovide information where none exist in the
records of previous research. Because of the tentativeness of hardware configurations the most
opportunity exists for manipulation and control of variubles so this level of testing resembles
traditional laboratory research. This is generally the stage in which decisions about allocation of
functions can be empirically validated. For instance, does it appear to have been a good decision to
have the avionies logic determine priorities for queuing multiple alarms or should they be displayed
as they occur chronologically and let the crew make the decisions? Questions of this sort are typical
of the “newer™ generation of human factors issues occasioned by the trend toward digital avionics
and automation and the apparently changing role of crew menthers into one of information
processons, resouree managers, and decisionmakens as against controllers (ref. 43). These changes
are related to changes in the evolving national aviation system and it would appear that important
decisions concerning the allocation of man-machine functions are in the offing. This will probably
require extensive use of the exploratory technique involving. as it does. probing of limits and ranges
and the clarification of roles and performance requirements for both man and system. Ot impor-
tance here is the consideration of the integrating of a newly conceived CAWS subsystem into a
higher level subsystem supporting all flight management tasks.

Resolution

While exploratory testing is not tied specifically to the system under development, resolution
testing is. The purpose of resolution testing is choosing trom among two or more candidate
configurations. Although the level of the statistical significance of the difterence between mean
performance values may be the most appealing criterion on which to base a decision. it should be
regarded in view ot the qualitication, “other things being equal.”™ Other things being equal. the
choice can be based on statistical criteria; but such factors as costs, space requirements, reliabilitics.
weight, pilot acceptance, and development time are seldom equal. This is true because this kind of
evaluation simply seeks to predict which configuration will result in a more effective svstem when
measured against selected mission criteria variables. Resolution testing begins to look like system
testing because it may involve operational configurations. This chiss of testing also resembles
conventional research in its control of variables for comparability of testing for the several systems
under consideration. Also. the side-by-side comparison aftords the opportunity tor performance
contrasts,

Verification

Verification tests usually oceur later in system development and are related to the question of
whether the fully composed system satisties functional performance criteria, that is. operational
criteria. However, the fitting of performance to operational requirements is the prime goal trom the
beginning in system development so the underlying rationale for verification testing is alse present
throughout. Beeause a standard or “absolute criteria®™ is used, all resalts have an cither-or cast and
require eritical analyses. Changes to a completely configured system can be costly and can serjousty
detay product delivery. Decision criteria must be clear and compelling. The extreme of this level of
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testing in terms of the development cycle would be, in the case of an aircraft, flight testing
including subsystem verification.

These three categories of tests — exploratory. resolution, and verification — are not mutually

exclusive in terms of either chronology or tactics. They may be used and reused in the general
process of iteration. Table 1 from reference 41 lists the major-differences between the test types.

TABLE 1.— MAJOR DIFFERENCES AMONG TEST TYPES

Types of tests
Characteristics -
Exploratory - Resolution Verification
Tynically performed in | Predesign and early | Early development | Throughout
development development
Control of independent | High Moderate Low
variables
Number of measures Few Few to many Many
recorded
Repeatability of test High Intermediate’ Low
. conditions
i Number of conditions | Any reasonable Few (gross configu- | One (comparison with
| " compared number (e.g.. ration performance standard) |-
i factorial design) differences)
]
I Control vver test High Moderate Low
| environment
. Number of dependent Few | Few to many Many
I variables
i .
i Factors initiating test Awbiguity of i Need for design ¢ Need to verify system ¢
f system . decision adequacy i
4
Part/system testing Part * Part to subsystem Subsystem to system
| |
. ! . . f
" Resemblance 1o Low 4 Maoderate to high High
t o operational |
canditions L l

{Reproduced courtesy of John Wiley & Sons, New York )
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THE TOTAL SYSTEM

What has been said so far in support of an orderly (system engineering) approach to design,
synthesis, and evaluation needs to be extended o the bounds defined by the National Aviation
System (NAS). The system called CAWS is a subsystem of the aircraft system which is a subsystem
of the commercial system which is a subsystem of other subsystems. Previously, human factors
work has tended to emphasize the more tightly coupled man-machine activities such as tracking
performance, control/display relationship, workplace design, accuracy and time in task perfor-
mance. This, with increased engineering excellence, has led to better cockpit design and to a general
reduction of interest in problems associuted with performance at the level of “inner loop™ control.

Howcver, the emphasis is now shifting to “outer loop™ activities variously called flight
management, resource management, monitoring activity, ete. This relates to the crew members as
decisionmakers, in an enormously complex information processing. utility assessment, and even,
social system. But the major underlying human factors issue has not really changed from the time
the first instrument was installed in an aircraft to complement the pilot’s sensory and control
capabilities.

An Old Problem, a New Scenario

The problem is one of transforming the real-world spatial orientation of the aircraft — position
and rate of change of position — into a veridical human percept, where such a percept cannot be
accomplished by “natural” means, that is. directly or visually. This is traditionally accomplished by
fragmentating the information into numerical indices of the various flight parameters and displaying
them to the pilot: no one of these is sufticient by itselt. The task of the pilot-controller is to
integrate these fragments into an operationally useful percept of his constantly changing spatial
orientation. With appropriate training, humans are adequate for this task. However, this pertor-
mance is extremely susceptible to degradation under conditions of high workload. divided atten-
tion, and low levels of arousal for monitoring system states. This refers not just to misreading
instruments -- the documentation relating to misread altimeters is voluminous — but to combining
that information with all other system information for the formation of a valid and continuously
updated veridical pereept. Visual illusions which occur during the transition from head-down
{instrument) to head-up (visual) flight reference would seem to be at least partly due to the
discrepancy between the syathesized cognitive percept and the revealed visual percept, particularly
since o pereept is unitary, will not be formed unless it is believed. and tends to persist.

In attacks on this problem there have been attempts to present information relating to spatial
orientation in “contact analog™ torm. The attitude indicator is & mechanical analog for displaying
incrtial space and the aircraft’s rotational orientation therein. Many schemes have been advanced
using cathode-ray tubes (CRT) and transparent, flat plate CRT's in the wind screen position for
displaying information in analog form - “*highway in the sky™ — which would also conform to the
real visual world at breakeut. Conformal type information (sce refs. 44 and 45) is also being
included in proposed formats for head-up displays (HUD). A recent development for study is that
synthesized by Baty (ref. 46) for a head-down display. It is called a coordinated cockpit display
(CCD) and it was designed by reference to pereeptual and human factors rescarch over the last
28 years related to spatial orientation and localization. Also, the design was guided by the
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operational requirements of an air traffic control system. It is generic in nature and uses three
CRT's for the presentation of three orthogonal projections of the aireraft situation: perpendicular
to the forward line of sight, parallel to the ground. and perpendicular to those two. The latter is
thus u side view. This provides a pictoriai altitude profile, heretofore not available in the cockpit.
(Would & GPWS be required if such a vivid altitude record were available?). This effort is oriented in
a philosophy of integrating the information in inner loop control (aircrat’t subsystem) with that of
outer loops, the air trunsportation system context.

System Induced Errors

Underscoring the necessity to consider human factors issues in the broader system context is a
paper by Wiener, titled **Controlled Flight into Terrain Accidents: System Induced Errors™
(ref. 47). 1t is noteworthy that the “system™ referved to is not the aircraft or its subsystems. but
rather, ... a complex air traffic control system with ample opportunities for system-induced
errors.” The author further states:

The human factors profession has long recognized the voncept of design-induced
errors. This paper simply extends the concept to a large-scale system, whose
principal components are vehicles. trattic control, and terminals. These three compo-
nents are einbedded in two other components: regulations and weather.

The contradiction suggested by the title is not really that, but is more indicative of a tailuic of
the integration of the two levess of system management being discussed: aircraft control (inner
loop) and aircraft management (outer loop). The author cites several examples of system-induced
crrors. Two of these (ref. 16 cited previously and ref. 48) are of particular interest because they
involve the altitude alert. In one of these controlled-flight-into-terrain accidents the altitude alert
sounded 1 min 34.5 sec before impuct: in the second. 1 min and 17 sec before impact. In the first
case it was ignored: in the sevond it was silenced by one of the crew.

The impotency of the alerting system is thus refiected in two ways neither of which response is
seent 10 have any relationship to the physical attributes of the stimulas except, perhaps. its ability to
annoy, Wiener (ref. 47) has this to say:

Ain appealing though perhaps somewhat simplistic answer to vigilance and attention
problems is to install warning devices which are asstned to be attention demanding.
One must recognize these from the outset for what they are: one form of sensory
stimulation replacing or simplifving another, and the extent to which they are usetul
is determined primarily by their novelty. There is ncver a guarantee that any
stimulus, regardless of its psychological dimensions will be correctly attended to,
“correctly™ because one of the usual ways of dealing with warning devices, particu-
larly in the auditory mode. is to shut them off (emphasis ours).

Obviously, for an alert to be effective, credibility taust be high. H it is not, then even when it is
valid but does not agree with the crew's incorrect perception of the situation it will be deemed
invalid by deduction from false premises. It is thus, tragically, too late in terins of contributing to
the tormation of a veridical percept.
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At the national level, a recognition and concern with system-induced errors, as defined by
Wiener, is reflected in reference 49, which is a congressional subcommittee report on the needs and
opportunities of the air traffic control system. It is recommended reading for gaining an apprecia-
tion of the total system concept.

A System Information Processing Model

A fruitful model of the total operational system would be an information processing one. This
would afford a common and germane set of standards within which to establish system performance
criteria. It would provide the needed integrity for bringing together subsystems for the support of
the larger system purposes and goals. In talking about workload we are not usually referring to
physical work but to cognitive effort in the acquisition and processing of information. Diversion of
attention usually refers to attending to several sources of information in close temporal sequence.
Monitoring has to do with clear and ongoing attention — right now and into a reasonably extended
future — to information available in the system concerning the aircraft subsystem. Decisionmaking
is a process of weighing information and deciding on a course of action tempered by utility and
cost. All of these human performance aspc<ts of information processing can be critically influenced
by stress, high workload, fatigue, desynchronosis, psvchological and physiological states, etc.
However, their degree of influence could be assessed in terms of criteria related to information
processing activities and ultimately to suprasystem processes.

A good example of a descriptive information processing model is given in reference 50. In that
report a method is given for the study of human factors in aircraft operations. It co.isists of
describing categories of information sources in the aviation system and how this is utilized by
people in the system according to a briet taxonomy of behavioral functions — decisionmaking and
decision implemeniation. The model and method are for the purpose of analyzing system activities
for the identification of “human errors.” The authors recognize the limitations of that term and
state: **. .. the investigator might well reasoi: that what appeared to be an obvious *pilot error’ was,
in fact, a system problem which led the pilot to an incorrect decision, and therefore, an incorrect
course of action” (emphasis ours).

The approach and method proposed by these authors would appear to start analysis at the
total system level — from the top down. as it were. This provides a governing framework that
permeates all task structures in the system. In this model. cockpit alerting and warning systems
would appear as remnedial displays for information sources not monitored, for information not
adequately synthesized, or tor information not made available. In this light. they also seem to signal
not only that some remedial action is required, but also that a system operational failure has
oceurred,

PERFORMANCE EVALUATION IN CAWS

It should be made clear that there are no “‘recipe”™ or **checklist” type sets of guidelines
available for use in human factors evaluations of MMS's. There are only sets of procedures and
methods that scem to produce cost-effective activities in the pursuit of rational technical design.
This is probably a technically healthy circumstance given the fuzzy state of our art in the

37

L




raliaie & Bae a4 L S 2l ” e T B ashehbi e S A L T 2

extremities of its applications. The predetermination of test details — criteria, variables, controls —
and their- application by fiat rather than by rational analysis is not possible and could result in
stifling creativity in solving problems in the system development process. The material in this
section will therefore be general and advisory rather than specific.

WHERE TO TEST (CONTEXT)

The question of where, when, and how to test during the development process is difficult to
answer beforehand because the need to test and its identity come out of that process. Pointing out
the relative merits of part versus full simulations appears an endorsement of the latter — and it was.
That was on rational, technical grounds. However, availability and cost problems could prohibit the
use of full-mission simulation. That this might be obviated by a pooling of resources in a
community facility seems an increasingly feasible option to the extent that “commonality” can be
realized. However, departing from the fuller rask context increases the burden of proof of validity
and relevancy. The discipline has not furnished tcols and techniques for systematically estimating
the validity of varying degrees of task abbreviation so this may be difficult.

Before discussing traditional test contexts it should be mentioned that the design process itself
is an ongoing evaluation. Every design decision implies value judgments and thus the solution has
gone through an evaluative process in qualifying for implementation. The more conscious and
explicit this process is made, generally, the more relevant is the solution. However, the following
remarks refer to testing in which, for example, objectivity, repeatability, and quantification are
desired in support of design decisionmaking and end-product assessment.

In-Flight Testing

Testing in the actual aircraft, whether of a newly fabricated CAWS subsystem or a totally new
aircraft, is difficult and expensive in relation to other methods. If special instrumentation is
required one can quickly become enmeshed in regulatory and airworthiness considerations. The
small subject population sample (test pilots) that would be used with a new aircraft would limit the
usefulness of the results. Moreover, one is faced with the question of what to measure. In-flight
performance is unique in that acceptable performance deviations are variable. During cruise,
thousands-of-feet off-altitude and miles-off-course can be acceptable data points in an experiment;
during an approach and landing, the acceptable deviations, that is, those tolerances which if
exceeded would cause a safety pilot to take over, are reduced to a few feet. Add this to a strong
desire not to interfere with the ongoing behavior, and an understandable subject resistance to being
instrumented or wired to equipment, and the range of acceptable performance measures becomes
fairly restricted.

The list of practical difficulties with in-flight evaluation could be further extended — lack of
repeatabilily, lack of experimental control, etc., but a more interesting consideration in the case of
CAWS is that all rest stimuli are, a priori, “‘false” alarms. That is so because the subsystem under
test cannot be fully conceived as integral with the aircraft system and its in-flight scenario. So much
effort and attention would have to be expended in the separation of test and real alerts that the test
alerts would become unrealistically prominent. This would obviate a valid estimatce of their alerting
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power. The other two CAWS functions - informing and pilot control — may not similarly be
compromised, but the mix of simulation with flight may be an overly hazardous stratagem. Flight
tests of new aireratt would place the test in the category of verification testing of the aircraft and its
subsystems. Flight tests ot new subsystems tor current aireraft would be exploratory, resolution, or
verification tests, or all three, at appropriate points.

Flight Simwulation

A full-mission simulator has many obvious advantages over an actual aireraft as a test bed. The
nujor advantage is, ot course, the freedom to manipulate operationat and experimental variables, A
general rule is that the more the tull flight-deck tasks are included and are made realistic, the more
vilid will be the conclusions drawn from investigations in its context. The representation of tasks
and information management activities rather than fidelity of aircraft configuration would seem to
be a reasomable priority. These are not mutually exclusive options, however, and in the absence of
knowledge of how to sacrifice physical fidelity while retaining psychological fidelity it is usually
considered better to opt tor tull physical fidelity. The tull-mission simulators used in military and
commercial airline training programs represent the extreme in sophistication and tunctional com-
pleteness, but they are not usually intended to serve as research devices. However, they are
extremely cost etfective in playing the role for which they were designed.

In the best of all possible worlds it might be recommended that a full-mission training
simulator be especially configured for research and development purposes, but such would come
too late in the development cycle and be too expensive. A limitation of the high-tidelity simulator is
that it is limited to the specific aireraft it represents and may be of limited value for developing new
aireralt except, perhaps, tor retrofit of new or modified subsystems. However, it can also be
reasonably argued that CAWS® are not aircratt specitic and could be assessed in any similar aireraft
cockpit simutation of like complexity,

A good example of both resolution and verification testing of a4 newly coneeived subsystem in
a full-mission training context is reported in a paper by Caral A, Simpson (A Synthesized Voice
Approach Callout System for Air Traftic Transport Operation,” unpublished data) in which a
synthetic voice subsystem for making  deviation callouts in the final approach to landing
(SYNCALL) was tested. Criteria for the evaluation were derived from operational performance
requirements (aireraft position and flightpath deviations) and expert opinion (pilot judgments).

When o simulator is to be used in the design ot a new configuration it cannot, of course, yet
have that configuration, exeept in a general way. The simulator would evolve only as does the
article it simulates and would then be available Tor testing at the level of veritication. That is a
reality that torces carly design simulations to be tentative and tunctional in nature and where
exploratery and resolution testing would appear to be most apropos, particularly in the case ol a
totally new cockpit configuration. However, in the case of CAWS it appears feasible to install, say, a
brassboard model of a proposed subsystem into & currently configured simulator cockpit for all
three levels of testing exploratory, resolution, and verification. Reaching o decision in the
selection of one from two or more proposed designs could, then, also be accomplished in this
context.
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The conflict between “test™ alerts and “‘real” alerts mentioned above for flight testing
disappears in the simulator context. This gives the simulator a decided advantage over in-flight
testing, tempered only by the extent to which test alerts are considered real by test subjects in their
simulated flights.

Part Simmulation

Most human factors studies and evaluations are accomplished in so-called part-task simulations
and, as discussed previously, are thus more frequently used for research purposes rather than for the
direct support of the developing system. As used in system support they can be a relatively low-cost
way of making design decisions by side-by-side comparisons of proposed solutions. This can be done
in a test site removed from the main stream developmental activities. However, the problem being
studied cannot; it is always integral with and motivated by the design process. Part-task sirnulations
refer to the completeness of the rask under investigation, not to the physical features of the
apparatus employed (see fig. 5). A small task element can be investigated in a full-flight simulator
and, in some cases, profitably studied in a simple mockup. As the task for study assumes more and
more the dimensions of the full task it becomes less easy to isolate it for study. The part-task can
almost always be placed in the full-task simulator for study; the reverse is not true. In addition, in
part-simulations there is also the option of the part-mission, full-task option. In this method only
selected segments of the full mission are used in the study. Those that are used use a full-task
context as in full-mission simulations. This is appropriate for CAWS evaluations,

However, the size and the physical configuration of the space used in system-related tests are
not the determining dimensions. What is important is that the task dimensions be veridical with
respect to such aspects as information input and output, procedural activities, functional relevancy
and situational factors (workload, crew interaction, and operational contingencies). The fidelity
continuum discussed before is cast in terms of task complexity not apparatus complexity. .

WHAT TO TEST (CONTENT)

The technology of flight management in the National Airspace System is on the verge of
revolutionary changes. The reasons for this will not be pursued here other than to say that
automation of functions previously requiring pilot decision and action appears to be reliable and
economically feasible using digital computer techniques. Many new technologies are available for
new solutions to complex problems. Automation will, of course, bring new problems but they will
relate to the appropriate mating of human intelligence with machine logic for optimum system
management, The position taken here is that redesign of current CAWS is retrogressive and would
result in only superficial changes. Table 2 lists the key differences between methods for change
based on *systems improvement” and “systems change.” The tabie is taken from reference 51
which was *. .. written to emphasize the difference in intent, scope, methodology . . . and results
between imptovement and design.” And further: “The treatment of system problems by improving
the operation +isting systems is bound to fail. Systems improvement can work only in the
limited context of suaall systems with negligible independencies with other systems — a condition
that does not occur very often.” Finally, *...the Systems Design Approach is basically a
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TABLE 2. COMPARISON OF TWO METHODOLOGIES OF CHANGE: SYSTEMS
IMPROVEMENT AND SYSTEMS DESIGN

Condition of the system
Concern

Paradigm

Sysu‘ms impmvcmcm
Design is set

Structure and vperation

Analysis of systems and component
subsystems (the Analytical Method)

Dreduction and reduction

Y e

Systems design

Design is in question
Purpose and function

Design of the whole system
(the Systems Approach)

Thinking processes Induction and synthesis

Quipat Improvement of the existing system Optimization of the whole system
Method Determination of causes of deviations Determination of difference between

between intended and actual actual design and optimum design
operation (direct costs) (opportunity costs)

Emphasis Explanation of past deviations Predictions of tuture resuilts
Outlook Introspective: from system inward Extrospective: from system outward
Lmnc s role Ll’nllower: satisfies trends Leader: influences trends

(Reproduced courtesy of John P, Van Gigeh, “Applicd General Systems Theory,”™ 2nd Ed., Harper & Row
Publishers, Inc¢., New York, Copyright 1978)

methodology ot design, and .ls such it questions the very nature of the sy\tcm and its role in the
context of the karger system.™

System Analysis

To get at the “vory nature of the system in the context of the larger system™ means that the
source of the requirement must be made explicit. This is accomplished by rational analysis of the
purpose of the system of interest in light of the purpose of the parent system. In so doing,
operational performance criteria emerge and the question of what to test has its best chance of
being answered. The following discussion tollows the general guidelines presented in A Systems
Approach to the Semiautomation of the National Airspace System™ (ref. 52). That approach
procecds from system analysis to system synthesis to system evaluation.

The operational requirement - The need for a0 mechanism to alert aircrew imembers to
deviations in aircraft and subsystem performinee arises out of limits in the ability of humans to
continuously monitor the total system operation. For instance, the pilot cannot directly observe
internal subsystem states and must otherwise be advised when melfunctions oceur, High task
complexity, high workload, low workload, crew interaction, fatigue, personal problems, con-
tingency events, all contribute to the diversion of attention from the aircralt system monitoring-
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task. In order for the aircraft systeit to carry out its operational function, deviations must be made
known to — transmitted to — the management and control subsystem — the crew.

The operational purpose and tunction of CAWS, based on these requirements may be stated us
follows: The purpose of the cockpit alerting and warning system is to assist the aircrew in their
mouitoring, control and management activities by sensing critical aircraft performance, configura-
tion, and subsystem deviations, calling them to the attention of the crew, and informing the crew of
the problem source through aural, visual, and tactile displays: the essential functions are thus:
sensing, alerting, and informing.

The sensing system is the domain of credibility (false and missed alerts due to malfunction or
the setting of deviation detection thresholds). The alerting function is the domain of monitoring
and vigilance with its concomitants of disruption and intrusion. The informing function is the
domain of information transfer with its concomitant of interpretation. Except for aircraft systems
malfunctions, it is notable that the CAWS display system. amplifies or transforis or dichotomizes
continuous information normally available from other cockpit displays. These other displays have a
control associated with them (lever, switch, button, knob, pedal, handle, et¢.) and the crew member
closes a loop by activating the control that changes the displayed value or state. Cockpit alerting
and warning systems are different from these other displays: they are only displays. So. while for
most cockpit man-machine functions a clear task requirement ¢an be stated in terms of observable
activities, the same is not true of CAWS. It is awkward to state the crew’s tasks in relation to these
displays: *“to be alerted” or *‘to be informed.” These are cognitive states, not activity states. They
are not trainable in the sense that conventional tasks are routinely trainable. The response logic
diagram in figure 1 indicates that their adequacy can only be evaluated by inferences from activities
“downstream,” that is. response outcomes A, C. E. and F.

Thus, the operational requirement that underlies CAWS is fairly straightforward and comes
from a real need. However, it is extremely difficult to obtain objective evidence that the need is
being satisfied, Consequently, one is heavily dependent upon subjective indices of performance
adequacy.

Requirements from operational experience- In the past, the operational requirement stated
above has been instrumented somewhat piecemeal by appending to cach new or redundant
subsystem its own deviation detection and alerting system. This has resulted in disorderly growth
because of the lack of a unifying system approach. This is partly to blame for the gencral
dissatisfaction with cumrent configurations. But as experience is gained with more und more
complex systems it is becoming apparent that instrumentation of the simply stated operational
requirements leads to some paradoxes which are due to a fundamental incompatibility of discrete
machine logic and human intelligence. Thus, in addition to alerting and informing. CAWS should:

Alert but not “alarm”

Intervene but not disrupt

Inforin but not surprise

Aid monitoring but not replace it

Decrease false alarms without increasing miissed alarms
Initiate timely but not too hasty action

Provide information but not increase workload
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These almost mutually exclusive goals suggest an underlying antithesis. The machine is
activated by a fixed, predetermined risk assessmient paradiga: the man, as pereeiver, brings to the
interface an adaptive, judgmental, anticipatory paradigm. This basic incompatibility is a core
problem and is the design challenge in CAWS.

This incompatibility leads to two extremes — one in which the alert may be perceived as a
redundant nuisance, the other in which it comes as a surprise with a high probability of being
ignored. For example, it a pilot is tully aware of the aircraft system's position and progress in four
dimensions and changes (deviates) the system as a result of judgment and by choice (contingency)
the alert will activate in its automatic tashion. This is at best confitmatory, at least redundant, and
at worst 4 nuisance, possibly disruptive ot other ongoing tasks (see cases B and C in the introdue-
tion). In a recent scan of ASRS data bank covering the period August 1976 to November 1977, six
GPWS activations were reported. By pilot report of these incidents four of the six were considered
unnecessary and disruptive. (See also ret. 53 tor an interesting discussion of similar problems with
the altitude alerting system.)

On the other hand. the second Kind of extreme is encountered when the pilot does not have a
veridical percept of the aircraft system’s position and progress in four dimensions and does not
know that it is nonveridical. The activation of a deviation alert can be perceived as a complete
surprise and perhaps deemed incredible (false. unbelievable) given the shaky state ot alert credibil-
ity. generally. This may have been the case in the two controlled-flight-into-terrain accidents cited
in the previous section in which the altitude aural alert presented crucial information.

The identitication ot the information required for control has a special meaning with regard to
CAWS. In order to “control™ the CAWS, the aircratt and other systems are controlled. that is, the

deviation is remedied. Control requirements over the CAWS itselt are not clear, Loop closure is-

mainly considered to be through the pilot to the system monitored by CAWS and then the CAWS
display (see the functional schematic in fig. 3). ldeally, this might suffice if the alerting system itself
did not introduce problems, such as disruption, startle, and other problems of “*bad timing.” Since
some or all of these may be obviated in 4 new system design, the question of the contrel of the
alerting system as a system should be deferred until a configuration has evolved.

The process of analyziug the system and identifying the functions and tasks to be performed
leads to some conclusions about the basic nature of CAWS:

1. CAWS do not serve the system as do other subsystems: they serve the monitor of all those
subsystenms. They can, thus, only be evaluated at the tlight-management level of human response.

2. The application of the usual task analytic paradigm. display-control-response, is seent not to
apply. Only the display is present. The relevant contro! is elsewhere, The response may be delayed.
complex (several controls), and is also ¢lsewhere. Theretore, given that the appropriatencess of o
response to an alert has been assessed, further evaluation is irrelevant and is in the domain of
standard and contingency operating procedures.

3. An appropriate paradigm tor CAWS might be display-responsc-activity, where the response
is cognitive and covert, thus not directly observable. The responses are the decision options shown
in tigure 1,
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4, Given these departures from the usual discrete task structure, a *“‘reaction-time” criterion
for pertormance evaluation does not appear to be a valid discriminator in full-tflight management
context. However, an activity delay interval foliowing an alert may be a relevant dependent variable.
Such a measure would have to be evaluated against operational criteria, such as allowable safe delay,
flight phase, concurrent workload, and level of urgency.

System Synthesis

It is well, at this point. to note that the purpose of providing a discussion of system analysis
and system synthesis is to arrive logically and naturally at the topic of system evaluation. Although
the contents ot the discussion may only be illustrative and sometimes even incorrect, the process is
not. The proof of the process is in the doing rather than in its discussion: however, in the doing,
frequently the overall goals are lost sight of and one finds that short-term goals obscure long-term
goals. It is not productive to synthesize a system without the knowledge and insights provided by
the system analysis exercise. It is also not productive to begin synthesis without use of the
Jdeductive processes. In the deductive process the system operational requirements are developed
into functional requirements of CAWS which appear as: (1) an explicit system logical structure and
function. and (2) a hardware subsystem totally in support of that structure.

The selection of CAWS displays before the logical structure is set will iesult in an implicit
structure determined by lower order elements and inadvertent rather than detiberate choices, That
approach is inductive and more characteristic of system improvement than system design (see
table 2). With a deductive approach, system evaluation will be seen to be a verification of the
system’s adequacy in terms of the operational requirements that guided its design.

A sample alerting system— As discussed above, several CAWS integration schemes have been
proposed by interested groups in the technical community. These proposals are in the form of
functional requirements. They reflect the deductive process in which operational and system
requirements have been made explicit. Taking a cue from these efforts, a sample alerting system will
be described with which to anchor the discussion to tollow.

TABLE 3. . URGENCY MATRIX USING DUAL The proposed system logic is tabulated in
CATEGORIZATION table 3. It will be seen that the first step in
system  synthesis —  functions  allocation

Performance | Configuration | Systems between man and machine — has appeared. In
keeping with other proposed schemes, urgency
Emergency S1-1 §2-1 S3-1 level coding and prioritization  have been
assigned to the machine but these assignments
are modifiable by software manipulations and
. are adaptable it and when required. The sample
Caution st3 §2-3 §3-3 logic system (SL) shown in table 3, cutegorizes
the alert two ways: by the three deviation
wategorivs, performance, configuration. system. and by the level of immediate response required as
indicated in the urgency level column,

Warning Si.2 S2.2 $3.2

Definitions of the column headings in table 3 are adapted from the section on “Categories of
Warning Systems," above. They were:
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1. Performance deviations: departures from sate flight profiles
2, Configuration deviations: departures from aircraft acrodynamic profile for a given regime
3. System deviations: maltunctions. faults. inoperability of aircratt and subsystems

These sources of alerts can interact with each other so they are not totally independent. There
is a4 general hierarchy in that configurations subserve performance and systems subserve both
configurations and performance.

The titles tor the rows on the left of the matrix refer to the urgency level of the given
deviation: (1) "“Emergency™ is to indicate that immediate action is required: (2) “Warning” is to
mean that action may be delayed but it not taken an “Emergency™ may result; (3) “*Caution”
means that the crew needs to program remedial activities into its workload and that the aircraft may
proceed in an abnormal mode of operation - a longer delay is allowed but if left untended the
situation could degrade to “*Warning™ and then to “Emergency ™ levels.

Some logic schemes propose a fourth category to display information on system states such as
“system armed - unarmed,” “system on — off.” and “go — no — go.” However, in this sample
system these are arbitrarily excluded for both simplicity and to-enhance the alerting system
purpose.

In cach cell, a signal, S1-1, 81-2, ., .. 83-3. is required. The coding possibilities tor this nine-cell
matrix could range tfrom one aural with nine levels of dimensionality coding (frequency. repetition
rate. intensity, ote)) to nine distinet aurals. An option at midrange is to use three aurals cach with
three coding levels. The scheme selected should retain simplicity so that meaning is immediately
Known and training beyond familiarization is not required. However, at this stage in development of
the system logic, a choice is not required. This is not to say. however, that the exploration of the set
ol choives should be delayed.

The sample system will also include an alert prioritization scheme so that multiple deviations
will be presented in order of eriticality without overlap or confusion of signals. Another feature that
would appear to be needed is the inhibition of certain alarms as a tunction of flight phase. Those
deviations that have no ettect on the immediate performance of the system would be postponed.
Workloads are particularly high during takeotT and landing and these tlight phases would be the
most critical with regard to attentional and monitoring activitics by the erew.

A problem with urgeney-level coding, prioritization, and alert inhibits is how to assign
deviations to the several categories. This requires a set of nonarbitrary rules that involve a host of
relevant parameters. This is, itself, a major etfort in the design process and, obviously. cannot form
a part of this document. Reference 2 recognizes this need and suggests possible methods for
satistying it, The relative importance or criticality of various faults, tailures, and malfunctions may
also be derived through the use of other guidance documents. For instance, the SAE APP 920A
(proposed) “Design Analysis Procedure tor Failure Mode, Eftects, and Criticality Analysis™ and
MIL-STD-2070 **Procedures for Performing a Failure Mode Effects and Criticality  Analysis.”
Failure mode ettects analysis provides tor a deseription of the crew response required for various
failures,

The informing function- Having considered a way to structure an alerting logic, it is next
necessiary o establish functions and rules tor informing the crew. For instance, a “'system/warning™
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level alert has activated. The crew now nceds to know: Which system? What component or
function? What to do?

The informing tunction could have three purposes. On s the initial message to the crew
concerning the particular component of performance. configuration, or systen: that has deviated.
Another is the presentation ot the details of the deviation. A third is the presentation of remedial
measures to correct the deviation. If such remedial textis to be included in a CAWS memory system
it might be better treated separately. The issue of the interfuce of CAWS with other flight-
management systems is a real one and ultimately must be considered. For instance. if one or more
cathode-ray tubes (CRT) are used for area navigation (RNAV) and cockpit display of traffic
information (CDTD it may be possible to use these displays for CAWS annunciation and informa-
tion retention. That Kind ot holistic approach is being pursued in an interesting series of studics by
British Acrospace Enterprises using nine CRT’s in a simulator cockpit. Such considerations are not
basically different from the present etfort but are bevond its scope.

The informing function is the process of elaborating the initial information in the coded alert.
There is a finite number of ways in which humans acquire information from the environment. In
the order of their ability to provide information they are visual, aural, tactile, Kinesthetic, olfactory.
and gustatory. The last three can quickly be disqualitied for informiag the crew on the basis of
articulation and convenience. (Tactile stimulations can be strong alerts for human beings — tor
exampie, electric shock and seat prods — but their acceptability is questionable. The stick-shaker
stall warning is an exemplary application.)

There are only, then, two ways to carry through the informing function that was initiated by
the coding scheme in the system logic discussed above. These are voice (synthetic) aad visual
annunciation (alphanumeric or CRT) display.

Voice has the advantage that it is attention-getting and does not require shifting ot the
direction of gaze. It is also direct and can be simple. Also. given that the voice is distinetly different
trom ail other voice messages, it can be used also tor the alerting tunction. It is recommended in the
SAA. 5-7 committee tunctional scheme that the single aural “attenson™ be supplemented by
synthetic voice for the most urgent deviations. This tends to agree with the results of a recent
questionnaire (ref. 54) administered to 50 line pilots. Its purpose was to elicit pilot opinion on
several aspects of alerting and waming system design. The pilots generatly were in favor of the use
of synthetic voice but only tor very urgent deviations. A distinet disadvantage is that the message is
not storable except by turther crew action. That s, it could be held in silent storage by a “hold™
button and recalled tor later processing by a recall button or automativ timing cireuitry. An
alternative is reiteration of the voice message but that could become obnoxious for deviations that
are not or cannot be tended to immediately.

Visual displays in support of the informing function would probably be best selected from
those with a broad message content capability — alphanumeric or CRT displays driven by prepro-
grammed digital logic. User operating procedures would be strong determinants of the logic
structure, information content, format, ete., of the displayed information. But the selection of
options is based on basic capability provided by the design engineer.

The visual display has the advantage over voice that a much greater amount of information can
be presented, Also, the information van be retained on the display for later use. The visual display
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does require one’s attention in that it must be looked at to be used. That disadvantage, which is true
for the initial informing function stage where task disruption can occur, is offset by its power in
deviation alleviation and the establishment of contingency operating procedures. This provides a
natural interface tor further subsystem integration into the full flight~management task.

Three display types have been suggested in the course of this hypothetical system synthesis:

1. An alerting tone or tones coded for category and urgency level
2. Synthetic voice tor categorical deviation identification and as a possible alerting aural
3. A visual-textual display for full deviation identification and remedial information

No one of these can till all of the identified requirements. It can be seen, however, that the
required flow from attention-getting to explanation is well supported by the combination. All have
at least rudimentary application in current CAWS. The sample system being synthesized would
encompass the three levels of intormation articulation with spevitic displays to be determined. 4

Crew control— The last element in the CAWS functional structure is crew option and control
over the CAWS itself. This is a ditficult problem because such control could, in certain instances,
defeat the purpose of the alerting system. In allowing the crew to cancel, postpone, or inhibit
control modes there is the possibility of making the alert ineftfective unless a “remembering™ and
reactivation capability is included. The GPWS is an example of the “double bind™ that control or
lack of control implies. The system is certainly of value as is. but as one pilot reporter stated in an
incident from the ASRS survey reported above: *. .. it (GPWS) can endanger more lives than it -
saves.”” But if it can be turned oft (postponed). when is it appropriate to turn it on again? Just as v
some deviations can be inhibited tor tlight phase. so can these be postponed - stored — for later
manipulation, Almost all system deviations are of this kind but usually performance and configura-
tion deviations are not.

Again, an explicit need is seen to allocate tunctions to man or machine. The phase-adaptive
alerting system concept is proposed as @ machine function that “unlouds™ the human component.
The sample system being discussed will be hypothesized to have such a capability. This might
obviate the requirement for an individual alert postponement command. That is to the good
because a major design goal is to provide a CAWS that does not increase workload.,

Urgency tevel coding is also a mesns for softening the requirsment for crew alert cancellation
or postponement. It docs so by providing an instantancous risk-assessimient decision: “respond right
now.” “be ready to respond.” or “schedule a response™ (emergeney, waming, caution). Giver these
rules, the reiteration of aurals would be limited to only the most critical deviations. An option
would be visual holding of the alert with display flashing and color, intensity, or frequency coding
tor criticality levels as appropriate.

The need to place alerts on hold or to *punch out™ aurals conies not so much trom operational
requirements but seems to derive trom CAWS as currently embodied. It is fairly apparent that any
“punch-out™ function allocited to crew option should allow cancellation or postponement of the
alerting tunction but not the informing function. As suggested for phasc-adaptive inhibits, this
should be an alert inhibit but not an information«display inhibit. In the sample system being i
synthesizod all aural alerts except those for the most urgent performance deviations will be
transferable to visual display  with information content intact, using a single control for all
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deviations. (The use of a voice recognition system for the control function is to be considered.)
Reiterated aurals for critical performance deviations would only be canceliable by appropriate and
immediate control action,

To this point an information processing system structure has been synthesized as a sample.
Many functions previously allocated to the pilot are now allocated to the machine. Its purpose is
illustrative; it is not a proposed system. The system is still *“soft,” and changes to the functional and
logical structure are easy to make. This will be less true as implementation proceeds to a hardware
configuration. Even then, however, since displays will be versatile and articulable, significant
changes can be effected in the character of the system by software changes rather than hardware
retrofit. This is the conceptual first step in the design process and it is not costly. Several CAWS
functional structures can be designed as candidates for implementation and checked against
operational requirements in the exploratory phase of system evaluation. Muliiple conceptual desigas
are to be encouraged because there is no single design solution. On the contrary, there are likely
several concepts that would satisfy operational requirements.

The process of actually putting the system together with hardware components is logically, but
not necessarily chronologically, the next step. System test and evaluation is integral with that
process in making design decisions and in assessing the appropriation of the total system for
operational use,

System Evaluation

It has been stated that system evaluation is an on-going process, one that starts with the
enunciation of system functional requirements. From that point onward each design decision is
itself an evaluative step. Sources of criteria for these decisions range from engineering experience,
intuition, and expertise, through user requirements and exisiing relevant data, to the more formal
system-keyed studies and tests.

The application of system-keyed studies is decided upon during the development process.
Whether the test is exploratory, resolution, or verific.tion depends on the state of evolution of the
system. However, the thinking, planning, and design process should run well ahead of the develop-
ment activities because the operational requirements are known ia advance. Thus, exploratory
testing is as much governed by those requirements as is verification testing but these events, as
activities, require hardware. Table 4 shows the gross steps in system evolution and, in general, where
testing activities would occur. The framework for the evaluation of the samle system is now to be
referred to the emergence of system hardware.

TABLE 4.—- SYSTEM DEVELOPMENT CYCLE WITH TEST PHASING

Development phase Exploratory Resolution Verification
Concept X
Breadboard X X
Brassboard X X
System X
Use X
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Note that exploratory testing can begin with the “‘concept” using paper and pencil techniques
for eliciting pilot (user) critique. The term ‘‘breadboard” is understood to mean a shop or
laboratory integration of equipment selected for the assessment of functional concepts. The detail
of such an ensemble could range from a simple tabletop model to a cockpit mockup. The
“brassboard” is understood to mean a system that embodies the functions and standards developed
with the breadboard and used in a particular application, for a specific aircraft. The utilization of
the brassboard would be from coclpit mockup to full-mission cockpit and the aircraft. The
“system”™ is that which appears in the production aircraft, a fully developed and integrated
brassboard.

Breadboard testing: system exploration— For the exploration of the system in terms of its
logical functions, its dynamic operation, and the integration of system components, a digital
computer or a microprocessor could be used as a central test apparatus. Such a scheme could
profitably be used throughout all phases of test and, indeed, may itself be central to a newly
conceived CAWS subsystem. This option is coticeived as a functions and concepts evaluation
technique and will henceforth be called “facer” to facilitate exposition.

The microprocessor, if such is used, could be programmed and easily reprogrammed to provide
logical functions reiated to aler: prioritization, inhibits, urgency levels, holding, and pilot inputs
(“‘store,” “give me some information,” *‘recali”}. All aircraft deviation sensors would be assumed to
input to the microprocessor. It may also be utilized to store checklists, emergency operating
procedures, and other textual material. The microprocessor would thus be the means for informa-
tion reception, ordering. processing, routing, and transmittal to displays, whatever they might be.

Peripherals to this central facility wouid be all those control and display schemes that are.
considered to be candidates for the ultimate design:

1. Visual presentation of the centrally manipulated information is provided by an alpha-
numeric display. a cathode-ray tube, or it may be displayed by such means as a central annunciator
matrix panel or even in the visual field of a head-up display.

2. Aural presentation of information is by speaker or headset and can include alerting stimuli
and synthetic voice. each provided by appropriate electronic modules.

3. A means would also be provided for crew information input to the central microprocessor.
As with peripheral displays, the peripheral control unit can take as many forms as it is desired to
explore: keyboard. touch panel, and even a microphone and a voice recognition module for possible
verbal control.

4, It must be understood that, given the central information processing capability, one hasa
choice of peripherals, limited only by practicality and relevancy. The purpose of facet is not
initially to recommend particular display/control schemes but to furnish a test context for their
evaluation, one that is subordinate to the exercise and evaluation of the information acquisition,
processing, and transmission logic.

A facet may be used at many levels of simulatior. fidelity and complexity. These range from
tabletop demonstrations and game playing through mockups and part-task simulations to research

flight simulators and full-mission training simulators. At the simple level, the forcing function is
g g
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derived from scenarios, scripts, and role playing; when a simulated aircraft is the test bed, the
aircraft simulated systems and aircraft responses generate facet operation. The game playing
becomes less a matter of dissimulation and more a maiter of realistic simulation as task fidelity
increases.

A faeet would be “loaded” with the logic proposed in the sample system outlined above. The
system would be “exercised” through appropriate inputs and the critique would begin. Questions
that would be asked would be those leading to ““proof of concept™ evaluations. The source of these
are the operational requirements as revealed by processes illustrated above including the core task
structure shown in figure 1. For example:

1. Does the dual categorization scheme in the sample system provide for immediate crew
understanding without complexity?

2. Does the reduction of aural alerts to one or, even three, provide the neceded information? Is
the reduction acceptable?

3. Does this scheme seem to be attention-getting but not disruptive; that is, is disruption
minimized by inhibits and prioritization?

4. Can the system include the stercotyped alerts without loss of their current urgency level
coding?

5. Which deviations should be announced by (1) synthetic voice, (2) by coded aurals?

6. Should information for validity checking be included? How?

7. Should an ignored signal be reiterated? How long before such is activated? Repetition rate?
8. Should prioritization be fixed in the microprocessor? Modifiable? By whom?

9. The system was designed to give a first-leve! indication of required response time. Do
observers or experimental subjects behave accordingly?

10. Does the control for transferring auditory information to visual information appear
helpful? Should the transfer be automatic?

The foregoing questions are a small sample of the perhaps infinite number of questions that

might be posed during system exploratory activities. The better, more pointed ones will only arise
in the actual doing.

Since it is fairly obvious from the sinsle-alert logic shown in figure 1 that there is little
behavior to observe or score, early dimensionalization of responses may not be appropriate.
However, system logic can be checked because facer would make it explicit and visible. Facetr would
also be flexible and could be easily changed to accommodate other logic structures. For instance,
the sample system might be changed by rejecting the present column categories (“‘Performance,”
“Configuration,” and *“‘System™) and categorizing in terms of *“urgency.” This, then. wouid be
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simply a finer urgency level indicator than is provided aiready by the required level of response in
table 3.

During the breadboard, exploratory phase of evaluation and, in fact, throughout the whole
development testing the major method for relating the system to criteria will be expert judgment.
This is because measurable phenomena are rare and because pilot acceptance is a prime (psychologi-
cal) criterion. This means that user response is to be solicited using objective techniques. There is a
body of human factors technology that deals with means for objectifying subjective impressions ~
rating scales, questionnaires, interviews, polls, utility assessment schemes, etc. (ref. 55). It should be
made clear that what is not proposed is system design and evaluation by committee. The emotional
arguments of a forceful, but biased, individual or group is a poor source of criteria.

In summary, exploratory testing in early system development is for the purpose of functions
allocation and checkout of those choices. It is best accomplished with a wide-ranging opportunity
to “cut-and-try.”

The facet approach could be used throughout system development and system test. It should
include the capability for simulating all the options that any candidate system would draw from. A
candidate CAWS is one that is proposed for a given system; it is developed into a brassboard or
prototype. Facet thus can provide for fast reconfiguration and the checkout of system changes as
soon as they are contemplated.

Component testing: design resolution— Much of the previous human factors studies of CAWS
have been at the component levei. Also, they have been in the main, attempts to evaluate, in
isolation, the alerting power of a proposed or existing alerting system. Component testing in
isolation from the *‘present” CAWS system is not appropriate in the current development scheme.
The system components are no longer separate entities. Thus, they are not in competition with each
other for the attention of the crew as much as they are in support of the system logic which, in
tum, is supporting flight and resource management act.vities.

Components of CAWS are those “‘peripheral” devices used in a facer to interface the system
with the crew to provide information transfer. Alerting tones, synthetic speech, and visual displays
have been mentioned as transfer media.

It is assumed for the sample system that the alerting function will be accomplished by auditory
means. The sample system, as conceived, constrains this to a 3 X 3 code. A signal or signals are to be
selected which best satisfy the dual function of alerting and providing initial information with
regard to the nature and urgency of the deviation. Three basic tones might be selected that can be
interrupted at rates corresponding to the three urgency levels. Another scheme might be to consider
a chime, a tone, and, say, a clacker, each of which is to be repeated three times for highest urgency,
two times for the next level anu once for the least. There are a great many possible combinations of
alerting sounds and coding dimensions. A facet that has the characteristics suggested could provide
for early trial and selection from a very large set. -

The selection of a few combinations for resolution testing can be accomplished by exetcising
the breadboard system with experienced line pilots acting as in-flight users, This requires the
development of at least simple scenarios, but the effort is not wasted because scenarios will be
required for later full system evaluation.

St



The set of candidate aural coding ¢ :hemes can be evaluated by techniques appropriate to the
elicitation of preverbal pilot judgment. That is, an opinion is not solicited. What is sought is a
judgment in which each scheme is forced into a position on a utility rating or ranking scale such as
through the use of a card-sort process (see ref. 55). Utility assessment methods are developing that
lead to objectification and quantification of subjectively evaluated multifaceted phenomena. This
kind of judgmental response can, of course, be acquired from paper and pencil techniques but facet
provides an opportunrity to see and use the set of options to be evaiuated. Unlike many other
decisionmaking tasks, the set of outcomes is visible and even modifiable.

If the options for aural alert coding can be reduced to a single scheme, then no further testing
is required. This will generally not be the case because there probably will be several that can satisfy
the operational requirements. Other criteria that will enter into component selection and which
may be brought to bear at this point include cost, size, weight, availability, and power consumption.
If these, and even such things as product aesthetics, do not provide discriminators, then a formal
side-by-side test would be in order. This wnuld involve a conventional experimental paradigm,
control of dependent and independent variables, and the selection of an appropriate criterial
performance score. The latter might be the number of correct responses to the alerting code in unit
time, The test stimuli would be presented in a ““fast-time” scenario with subject workload to include
at least one other attention-diverting task. Fast-time means that many events are compacted into a
shorter interval than they would normally occupy. Obviously, a test of this kind requires subjects
who are willing to “play the game.” It is suggested that naive subjects not be used anywhere in the
system development and evaluation process. The use of such subjects assumes that fundamental
processes are being evaluated. They are not. The population sampled must be representative of
experienced, highly trained, and equipment-sophisticated line pilots.

In a manner similar to the above for the coded alerting signal, other candidate components are
processed. Another example is the need to determine when voice annunciation is to be used either
in addition to or in lieu of the primary audio alert. Starting with the notion that synthetic voice
ought to be used only with the most urgent deviations several combinations are possible. Should
voice be used only for the “‘emergency” row in the dual category alerting scheme in table 3? Should
it be used only for the “performance” deviations column in that :natrix? And what about the first
two columns and the first two rows?

These options can be “brought up” on facet and evaluated by the judgment of experienced
subjects. Again, obviously inadequate schemes will become apparent; particularly if there has been
no attempt to limit options. And, again, selection between two or more adequate candidates is
accomplished by resolution testing, other things being equal.

The fitting of the display interface to the information processing scheme also has a set of
relevant questions that characterize the nature of the decisions required:

1. What is the nature of the auditory alerts which best mate with human capabilities?
Intensity? Frequency? Timbre? Presentation rate? Acceptability? Signal/noise ratio (see ref. 21 and
related human factors data)?

2, Waiere is the voice to be used? When used, does the alerting aural precede it? Or is it
inhibited?
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3. 7..2 GPWS would fall in the “performance-emergency” cell in table 3. Can the GPWS be
integrated into the sam.z!: matrix and use the same synthetic voice as all the other cells?

4, Is it desirous to integrate all other discrete or sterecotyped alerts into this basic scheme?
Should the fire bell be voice annunciated at a “system-emergency” level or be kept separate?

5. Is the flow of information from alerting and initial informing to full informing a meaningful

progression that has optimized the contribution of the alerting aural, voice annunciation, and visual
annunciaton?

6. Is there a need for an alphanumeric, single line display for visual display of short messages?
How could this be made parallel to coding logic for auditory displays? Would changes in flash rate,

color coding, or brightness for “emergency,” “warning,” “‘caution” levels of urgency be appropriate
to evaluate?

7. Can the *one liner” alphanumeric display be accomplished through the use of a CRT that
can also present textual material for problem analysis and remedy?

8. Or, from a human engineering viewpoint, since there is as yet no central display for the
sample CAWS, might the alphanumeric stand as such? It could be mounted in the same central
position as current master warning panels. It would add to the information contained in the coded
alerting aural but full information would be presented automatically and simultaneously on a CRT.

9. If the CRT is used also as an alerting element what coding is to be used such that visual
coding is parallel to auditory coding?

10. How are inhibited alerts to be displayed and activated when <he inhibit regime is departed?
11. How are multiple alerts to be displayed assuming predetermined prioritization rules?

Again, this sample set of questions is far from complete but illustrates the kinds of concerns
that govern the component (display) selection process and that require evaluation activities.

In the normal flow of logic that takes place in moving from operational requirements to
hardware it is now reasonable to apply human engineering design principles, for example, display
location, brightness, legibility of visual material, formats, control location, and size and shape (see
refs. 2 and 21). An interesting human engineering question is whether the many amber and red
caution and warning lights which currently clutter the cockpit can be eliminated.

Operational testing: system verification— As has been alluded to several times there is no
single, perfect CAWS that is the only answer to the operational requirements. Many candidate
systems could be designed that would be satisfactory in that respect. Thus, the testing is of a system

against those requirements rather than a system against a system, as is appropriate in resolution
testing,

Obviously, it is no longer possible to refer to the sample system except in basic function. That
is because of activities carried out as outlined in the previous two sections. They would have
resulted in a configuration that cannot be visualized withont the test results. Also, examples, like
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analogies, should not be pushed too far. However, what is still perceptible are the operational
requirements.

Performance criteria: Given that the operational requirements are reasonable the criteria for
operational test are:

1. The system is in consonance with the stated operational requirement. This is supported by
clear system logic, functional integration, and integration into the larger monitoring task.

2. The seven principal paradoxes of CAWS. as currently embodied, have been minimized
(p. 42, abowve).

3. Nuisance, disruption, startle, and pilot dissatisfaction (psychological criteria) have been
minimized or eliminated.

4. The response alternatives shown by the junctions in the single alert logic diagram in figure 1
are clear and exccutable under all tlight deck task loads.

Items (1) through (3) are criteria to which system characteristics can be compared mainly,
perhaps only, by expert judgment. Item (4) includes clements that llow counting: missed alerts,
false responses, incorrect responses, true responses, and response timeliness (see fig. 1). But the
comparison of each of these to a criterion number is not possible because such numbers do not
exist. (They would be ideal in a resolution test between two systems. though the “winner™ would
still require operational veritication.) These too, then, would be subject to evaluation by expert
judgment, except for the last one. response timeliness. The same parameters and decision rules that
were used to develop urgency levels and alert prioritization may be used to establish criterial
response times.

Thus, in addition to the use of expert judgment, which has been used extensively throughout
development testing, there appear to be the following performance characteristics that are relatable
to objective indices: (1) Response time with-respect to time » uired/time available: (2) Response
correctness and scheduling with respect to deviation urgency and priority: and (3) Timeliness and
correctness of validity checking where possible.

The test context is to be designed to “tease out™ these performance characteristics. It is
important to distinguish between the task-oriented time measure (response time) and reaction time.
Although reaction time bas frequently been used as a performance measure in laboratory evalua-
tions of alerting systems, there are difficulties associated with its use. Almost anything that affects
human behavior affects reaction time. Forbes (ref. 56) found a full stomach slowed a reaction time
to sound. but not to light, for example. It reveals something about a netral response to given stimuli
but nothing about response appropriatencss in real world tasks. As o matter of fact, Fitts's classic
analysis of 480 pilot-error accidents does not include any that are due to slowness in responding
(ref, ST,

Contextual considerations: The context for verificiation testing must include all the tasks,
conditions, contingencies, and workloads that are to be expected in actual operation of the system.
The testing arcna is characterized by the attributes shown at the far right of tigure 3, at least in
terms of task-fidelity.
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Even in this full-task context a problem arises immediately. The problem is peculiar to any
flight-deck oriented research. That is the problem of having a sufficient number of events occur in a
necessarily limited time period for observation and counting. This problem is particularly acute in
the case of CAWS because of the low probability of occurrence of deviations.

A way to provide enough events for evaluation purposes is to use the previously mentioned
“fast-time” simulation in which events are compacted into a shorter time period than would be true
in operation. With appropriate planning and scenaric building these can be made realistic in all
aspects except their probability of occurrence. This is known to be acceptable to pilots for training
purposes. Although not realistic, valid results can be obtained if the test subjects are willing to ‘“play
the game,” and are prebriefed to accept the probabilities as being temporarily real. Note that the
events and related performance are in real time; what is time-shortened are the intervals between
events and their frequency of occurrence is increased.

A related problem is that of the psychological *“set” of test subjects who are always fully
conscious that CAWS is the reason for the test. This is a state of sensitization totally different from
real-world monitoring readiness levels. Even if it is not made explicit, the purpose of the test will be
transparent to experienced pilots. As mentioned previously, hcwever, this may compromise the
evaluation of only the alerting function. The measurement of response time and deviation dispensa-
tion is not necessarily similarly compromised.

Another difficulty is one that is peculiar to the nature of the task. That is the element of
covert behavior which makes ignored, missed, and postponed alarms (fig. 1) all look alike, at least
initially. 1f, however, a postponement action is required of a crew member the behavior becomes
observable, That may be a pilot control option in 2e CAWS itself or it may be injected into the
full-task simulation as an element of the experimental apparatus.

It has been stated that the important consideration in the design of the test context is that it
be totally representative of the flight-deck task structure. This requires sample scenarios based on
real world operations and operational contingencies, opportunities to exercise resource management
and flight managenient activities, and representative workloads. Workload is an area of technological
applications that is ill-defined in theoretical construct and difficult to quantify. There is no
generally accepted definition of workload at a formal and comprehensive level (see the survey of
concepts in ref. 58). However, this lack does not prohibit the inclusion of workload in many applied
studies. It would, however, be appropriate to have at least an operational definition in hand. Chiles
(ref. 5) offers such a descriptive definition for the case of pilot workload. The Chiles report is
recommended for guidelines in conceptualizing and planning for the inclusion of appropriate
workload levels for the CAWS test context. Ariificial and/or secondary tasks unrelated to flight
deck activities are not herein recommended. What is recommended is the design of scenarios that
include high operational workloads.

Finally, it will be necessary to observe performance in the test simulation in order to collect
data on those behaviors that can be scored. Also, observation of the total task activities will yield a
great amount of information with regard to general CAWS operability, the appropriateness of the
test design, and other information that cannot be anticipated. It will be necessary to train observers
to be knowledgeable in the operational tasks and to be sensitive to the occurrence of test related
events.
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The character of the questions to be asked during verification testing may be indicated by the
following sample:

1. Does the CAWS man-machine task appear consonant with other ongoing tasks?
2. Is the crew able to schedule CAWS events without undue disruption?
3. Has the ideal of a ““quiet cockpit” (both auditory and visual) been realized?

4, Are all deviations displayed? Have some arisen which were not anticipated but will be of
help if included now?

5. How easy is the system to modify, given the availability of sensing methods?

6. What is the general reception of experienced crews to the integrated system? Enthusiastic?
Approval? Conditional approval? Disapproval? Enthusiastic disapproval?

7. The operational test may be construed as a precursor io certification. Does the system
comply with all FAR’s? Any conflicts?

8. Is the operability clear and simpie requiring less training than current systems?
9. CAWS, now seen as an inteprated subsystem, can be included in the aircraft operating

manual, as a subsection. Has such been written and used in the operational test?

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif. 94035, August 6, 1979
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